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SUMI.-IAEY 

A resume is given oi' an investigation of the ini'luence of plastic 
deformation and of annealing temperature on the tensile and shear elastic 
properties of high strength nonf'errous metals and stainless steels in the 
form of rods and butes. The data were obtained from earlier technical 
reports and notes, and from unpublished work in this investigation. 

There are also included data obtained from published and unpublished 
work performed on an independent investigation. 

The rod materials, namely, nickel, monel. Inconel, copper, 13:2 Cr- 
Ni steel, and 18:8 Cr-Ni steel, were tested in tension; 18:8 Cr-Ni steel 
tubes were tested in shear, and nickel, monel, aluminum-monel, and 
Inconel tubes were tested in both tension and shear. 

There are first described experiments on the relationship between 
hysteresis and creep, as obtained with repeated cyclic stressing of an- 
nealed stainless steel specimens over a constant load range. These 
tests, which preceded the measurements of elastic properties, assisted 
in devising the loading time schedule used in such measurements. 

From corrected stress-set curves are derived the five proof stresses 
used as indices of elastic or yield strength. From corrected stress- 
strain curves are derived the secant modulus and its variation with stress. 
The relationship between the forms of the stress-seb and stress-strain 
curves and the values of the properties derived is discussed. 

Curves of variation of proof stress and modulus with prior extension, 
as obtained with single rod specimens, consist in wavelike basic curves 
with superposed oscillations due to differences of rest interval and ex- 
tension spacing; the effects of these differences are studied. Oscilla- 
tions of proof stress and modulus are generally opposite in manner. The 
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use of a series of tubular specimens corresponding to different amounts 
of prior extension of cold reduction gave curves almost devoid of oscil- 
lation since the effects of variation of rest interval and extension 
spacing we'ce removed, Coii^jai'ison is also obtained between the variation 
of the several properties, as measured in tension and in shear. The rise 
of proof stress with extension is studied, and the work-hardening rates 
of the various metals evaluated. The ratio between the tensile and shear 
proof stresses foi' the various annealed and cold-worked tubular metals is 
li kewise calculated . 

The influence of annealing or tempei’ing temperature on the proof 
stresses and moduli foz’ the ccld-worked metals and for air-hardened 13:2 
Cr-Wi steel is investigated. An iir^provemont of elastic strength gener- 
ally is obtained, without important loss of yield strength, by annealing 
at suitable tempei'ature . 

The variation of the proof stress an.d modulus of eiasticity with 
plastic defomnation or annealing temperatiue is explained in terms of 
the relative dominance of three important factors: namely, (a) internal 
stress, (b) lattice-expansion or work- hardening, and (c) crystal re- 
orientation. 

Effective values of Poisson's ratio were computed from tensile and 
shear moduli obtained on tvibular specimens. The variation of Poisson’s 
ratio with plastic deformation and annealing tengjerature is explained in 
terms of the degree of anisotropy produced by changes of (a) internal 
stress and (b) crystal orientation. 


IWTEODUCTIOW 


An investigation of the elastic properties of high strength aircraft 
metals has been conducted at the National Bureau of Standards for several 
years under the sponsorship of the National Advisory Committee for 
Aeronautics. A series of papers (references 1 to 6) have been presented. 
The first two (references 1 and 2) were con^rehensive technical reports 
upon the tensile elastic properties of stainless steels and nonferrous 
meta.ls. The remaining reports comprise a series of technical notes (ref- 
erences 3 to 6) upoxi the low temperature properties of l8:8 Cr-Wi steel, 
upon the shoar elastic properties of stainless steel and nonferrous metal 
tubing, and upon Poisson’s ratio for stainless steel. 

The present paper is a summary of the preceding reports, and also 
contains considei*able additional information consisting of (a) the re- 
sults of tension tests on nonferrous tubing not previously reported, 

(b) some useful information obtained on nickel rod in another investi- 
gation in this laboratory (reference 7)^ c-nd (c) some unpublished results 


2 


MCA TK Wo. 1100 


obtained in another project upon the inf3.uence of aniiealing temperature 
on the teneile elastic properties of ncnferrous rod materials. These ad 
ditional data are believed to add substantially to the value of this sum 
me.rizing paper. 

The elastic properties of a metal, as considered in this report, 
comprise the elastic strength, the elastic modulus, and associated indi- 
ces. These properties may be dei-ived in both tension and shear. 

By elastic strength Is usually meant the stress necessary to defonii 
the metal to a boundary between elastic and inelastic sti-aiu. As shovn 
in several of the preceding papers (refei*e\ices 1, 2, 3> A, and 7)^ this 
boundary is not definite but depends upon the sensitivity of the method 
of measurement. For practical purposes, therefore, the elastic strength 
and yield strength of a metal are expressed in terms of five indices 
termed "proof stresses." These are the stresses necessary to cause per- 
manent strains of 0.001, 0.003, 0.01, 0.03, and 0.1 percent. The values 
so obtained are found to vary with the amo-unt and direction of previous 
stressing beyond the elastic strength. 

As the stress-strain line for many metals is curved, the modulus of 
elasticity must be defined in terms of two or more indices. These in- 
dices may be taken as the modulus of elasticity at zero stress, and at 
one or more elevated stresses, and the linear sti-ess coefficient of the 
modulus at zero stress, Cq. In previous papers (references 1, 2, 
and 7), the quadratic stress coefficient of the modiilus C* was used. 
This index is not evaluated in the present summary. V^hen the five proof 
stresses and the variation of the modulus with stress are known, a 
fairly good picture of the elastic properties of a metal is obtained. 

Additional indices were derived for some of these metals; namely, 
the tensile-shear proof stress ratio, the work-hardening rate, and 
Poisson's ratio. Poisson's ratio was derived from measured values of 
the tension and shear moduli, by use of an appropriate formula. Values 
of Poisson's ratio for l8:8 Cr-Wi steel were derived from tension and 
'oorsion measurements on cold-drawn rod and tubing, respectively. (See 
reference 5 • ) From values of the shear modulus derived previously 
(reference 6) and of the tension modulus presented here for the first 
time, the values of Poisson's ratio were derived for nonferrous metal 
tubing. The tensile-shear proof stress ratios and the work- hardening 
rates of these nonferrous metals are likewise presented as new da,ta. 
There are also presented the elastic properties of l3:8 Cr-Wi steel rod 
at low tenQ)eratures . 

In this paper, considerable data contained in the earlier reports 
were necessarily eliminated, for the sake of conciseness and clarity. 

The data presented are believed to be representative of each material 
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tested. V/here feasible, summarizing statements give the results of work 
for which data are not presented. 

A study is made of the variation of the several elastic properties 
of metals, in tension and in shear, with cold deformation and heat treat- 
ment. This variation is shown to be influenced by the relative dominance 
of three factors. 

The metals studied and apparatus used are described in part I. In 
the development of the method of testing used, a preliminary investiga- 
tion was made of the relationship between hysteresis and creep for an- 
nealed l8:8 Cr-Ni steel. These tests are discussed in part II. Part III 
gives the methods of measurement, and of plotting stress-set and stress- 
deviation curves. The effect of prior plastic deformation on the tensile 
and shear elastic strengths of the various metals studied is discussed in 
part IV. The influence of annealing temperature on the elastic strength 
is presented in part V. This section also includes a discussion of the 
low temperature tests of l8:8 Cr-Ni steel. Part VI contains a study of 
the influence of prior plastic defoimation on the tensile and shear mod- 
uli and their linear stress 'coefficients for the metals investigated. 

The influence of annealing temperature on these moduli and their stress 
coefficients is discussed in part VII. The effect of lowering the test 
tei!5)erature on the tensile modulus is also studied. The variation of 
the calculated values of Poisson's ratio with plastic deformation and 
annealing temperature also is presented in parts VI and VII, respectively. 
The conclusions reached in this report are based on a comparison of the 
diagrams obtained with the several metals. 


I. MATERIALS AND APPARATUS 
1. Materials and Specimens 


The materials used in this investigation consist of several nonfer- 
rous metals, namely, nickel, monel, aluminum-monel. Inconel, copper, 
and two stainless steels, namely, 13:2 Cr-Ni steel and l8:8 Cr-Ni steel. 
Nickel, monel, aluminum-monel, and Inconel were supplied in both the rod 
and the tubular form by the International Nickel Company. Results ob- 
tained with aluminum-monel rod were fragmentary, and are given only in 
an earlier report (reference 2). The oxygen-free copper rod was fiimished 
by the Scomet Engineering Cocpany. The 13:2 Cr-Ni steel rod was furnished 
by the Carpenter Steel Con 5 )any. The cold-drawn l8:8 Cr-Ni steel rod was 
Itumis^ed by the Allegheny-Ludlim Steel Corporatioii. The annealed l8:8 
Cr-Ni steel rod was obtained from the stock room in this laboratory. The 
l8:8 Cr-Ni steel tubing was purchased on the open market. 

The 13:2 Cr-Ni steel rod was supplied in the annealed condition 
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(heated to 12h0° F and elovly cooled in the furnace). The l8:8 Cr-Wi 
steel rod upon which hysteresis maasurements were made bad been soft- 
annealed. Toe copper rod was cold-rolled. All the other rod material 
was furnished in the cold- drawn condition. The l8;8 Cr-Wi steel tubing 
was cold-di’avm during manufacture. Wichel, moiiel^ ai \iminuia-monel^ and 
Inconel tubing ^^ere each supplied in several hardness grades as obtained 
by cold reduction without intermediate anneal; aluminum-monei and Inconel 
tubing were also supplied in a soft-annealed condition. There also vras 
supplied niploel, monel, alum3.num-monel , and Inconel tubing which had been 
severely cold-reduced and then normalized or stress-relief-axmealed at 
500<^ F. • 

Cold reduction in the manufacture of the nonferrous tubing was ob- 
tained by "cold-dz’awing" or by the "tube reducer" method. The cold- 
drawing method consists in drawing the tubing between a standard drawing 
die and a mandrel. The tube reducer method consists in kneading the 
tubing over a mandrel by the use of rolls. The latter method was used 
only in producing severely cold-reduced tubing. Both methods will be 
freq^uently referi-ed to as cold reduction, in order to differentiate from 
cold deformation obtained by tensile extension of specimens soft-annealed 
in the laboratory. 

Chemical compositions of all the maberials are listed in table 1. 
Mechanical and thenoal treatiaente of individual rod specimens are listed 
in table 2, and of individual tubular specimens in table 3- The methods 
and amounts of cold reduction imparted to the materials during manufac- 
ture are also listed in tables 2 and 3 • In each serial designation, the 
first letter or series of letters Identifies the matez'ial as to composi- 
tion, form, and degree of cold work dui’ing manufacture, /ny annealing or 
tenpering treatment is indicated by a number following these lettei’s, 
denoting the nxxmber of degrees Fahrenheit in hundreds. If the specimen 
was extended following the einnealing treatment, and before test, these 
numbers are followed by the letter E and an additional number indicat- 
ir.g the nominal extension in percent. For 13:2 Cr-Wi steel (table 2) 
the letter E is followed by a second letter which indicates the method 
of cooling from 1750° F, namely, A for air cooling and F for furnace 
cooling; the final raunber indicates the tempering texi^^erature in hundreds. 

The original rod diameters and the diameters of the rod test spec- 
imens are given in table 1. The gage diameters of these specimens were 
made as large as possible in order to decrease the error of eotlms,ting 
the stress; the error (in pounds) in estimating the load is pr-actically 
independent of the load, for any scale range of the testing machine. In 
other respects, the rod specimens were according to the standard of the 
Am.erican Society for Testing Materials for tlireaded specimeiis with 2- 
inch gage length. The ratio of gage length to diameter for the rod spec- 
imens was unimportant in this investigation, because the tests did not 
require extension beyond the point of beginning local contraction. 
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All tutes were of 1-inch outside diameter, nominal size. The nickel, 
monel, aluminum- monel, and Inconel tuhes were of 0.085^inch wall thick- 
ness and the stainless steel tubes of 0.1-inch wall thickness, nominal 
size. The specimens were thoroughly cleaned, after which the length, 
average outside diameter, and weight of each were accurately measured. 

The average wall thickness of each specimen was computed from these data, 
and from a density value carefully determined by the hydrostatic weigh- 
ing method on a small sample of the same materia.!. 

Single rod specimens were prepared corresponding to each treatment 
indicated in table 2. Duplicate specimens of nickel, monel, aluminum- 
monel, and Inconel tubes were prepared corresponding to each treatment 
indicated in table 3; identical tubular specimens were tested in tension 
and in torsion. Only single specimens of l8:8 Cr-Wi steel tubes were 
prepared corresponding to each treatment listed in table 3« Before test, 
each tubular specimen had its ends fitted with tight plugs in order to 
prevent distortion during test. 


2. Apparatus 

A pendulum- hydraulic testing machine of 50,000-pound capacity was 
used for tension testing. The threaded rod specimens were held in grips 
with spherical seats. Wedge type grips held the tubular tension test 
specimens. Torsion tests were made in a manually operated pendulum- type 
testing machine of 13,000 inch-pound capacity. 

Most of the room ten^Deratiu'^e tension tests were made with a pair of 
Tuckerman optical exteusometers; these gages were attached to opposite 
sides of the specimens. The smallest gage division of this extensometer 
corresponds to a change of length of 0.00004 inch. By means of a vernier 
on this instrument, it is possib3.e to estimate changes of length to with- 
in about 0.000002 inch; this sensitivity corresponds to a strain sensi- 
tivity of 1 X 10"“^ percent for the 2-inch gage length used. A limited 
number of measurements were also made with an Ewing extensometer of some- 
what poorer sensitivity. 

Room temperature torsion tests were made with an optical torsion 
meter (fig. l) of high sensitivity, especially designed Hind constructed 
for measuring shear strain in this investigation. A description of this 
torsion meter was given in earlier report (reference 4) . The smallest 
gage division on the scale of the collimator used in conjunction with the 
torsion meter represents a relative angular motion of 0.0002 radian of 
tube cross section a gage length (2^ in.) apart. This corresponds to a 
change of strain of less than 4.0 x 10 ^ percent f6r the size tubular 
specimens used. By means of a premier on the collimator scale, changes 
of strain of less than 2.0 x percent can be detected. 
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For the low temperature tests described in this report., the specimen 
■fcas immersed in a bath consisting of eq^ual parts of carbon tetrachloride 
and chloroform, to which had been added an excess of solid carbon dioxide. 
The modified Tuckerman extensometer and chamber used (fig. 2) were de- 
scribed earlier (reference 3). 


II. HYSTERESIS AND CiffiEP OF ANNEALED l8:8 Cr-Ni STEEL 


As previously mentioned, the boundai’y between elastic and pla-stic 
strain is considerably affected by the amount and direction of any pre- 
vious stressing beyond this boundary. One manifestation of this effect Is 
known as mechanical hysteresis . By plotting strain measurements obtained 
at various stress increments, while raising and lowering the load in a 
single stress cycle, there would be obtained a curve the ascending and 
descending portions of which generally do not coincide. This would hold 
true even if the maximum stress were well below the technical elastic 
limit. The cycle of stress thus causes a hysteresis loop, which may or 
may not be closed at the bottom. The width of the loop and the degree of 
separation of the ascending and descending curves at the bottom depend on 
the stress range, the rate of loading and the number and character of the 
previous cycles. 


1. General Description of Experiments on Hysteresis and Creep 

In order to study in detail the interrelationship between stress, 
strain, and permanent set, it is inportant to understand the influence of 
hysteresis on the stress-strain characteristic and its relationship to 
positive and negative creep. In figure 3 are shown selected hysteresis 
loops of series obtained upon each of three similar l8:8 Cr-Ni steel rod 
specimens, DA-5, DA-3, and DA-h,^ This rod material, DA, which was re- 
ceived in the soft-annealed condition, is the same as used in a previous 
investigation in this laboratory (reference 8). In each of the series, 
the specimen was loaded between constant values of upper and lower load; 
the lower load was just sufficient to preserve alinement of the grips, 
the adapter, and the specimen. With the stress range used for each spec- 
imen, considerable peimanent set was obtained with the initial cycles. 

The stresses indicated were calculated by dividing the load by the cross 
sectional area at the beginning of each cycle. Such stresses are termed 
true stresses. 

In figure 3 the origin of each loop has been shifted forward by a 
conet;ant abscissa interval from the origin of the preceding loop plotted. 

^In the designation of these three specimens, the final number is 
used for identification only; it bears no relation to any annealing 
te!ipei’at\ire . 
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The number of each cycle in the series is given at the top. The cycle 
time, in minutes, is gi\en at the top of each loop in the upper row and 
inside each loop in the lower row. The total plastic extension prior to 
each cycle is also given inside each loop. The time interval between 
cycles is indicated by the symbol at the beginni.ng of each cycle. 

‘ Because of the greater stress lange in the cycles of the upper row, 
the plastic extension of specimen TiA-^5 in the first few cycles was greater 
than obtained on specimen DAi3 in the lower vo\t. (These specimens are 
designated lA-5 and lA-3, respectively, in reference 1.) Nevei’theless, 
the permanent set per cycle decreased more rapidly in the upper row than 
in the lower row, owing probably to the greater work- hardening at the 
greater' stress range in these cycles. Because of accidental overstress- 
ing, only 99 cycles could be obtained upon specimen DA-3; only the first 
5 cycles are shown. A ne^r specimen of this material, DA-4 (designated 
lA-4 in reference l) was given 30 I'apid cycles over the same stress range, 
without measui-ing strain, and the experiment then was continued. Some 
few cycles obtained on specimen DA-4 are given in the right-hand portion 
of the lower row of figure 3« A comprehensive discussion and additional 
data, relative to these tests, are fomid in an earlier report (reference 
1 ). 


2. Hysteresis Experiments on Specimen DA-5 

The first 4 cycles in the xippex’ row of figure 3 are represented by 
ordinary stress-strain curves. The first cycle, because of the relatively 
high stress applied to this annealed material, caused an extension of I 5 
percent. The solid line represents the variation (with strain) of the 
nominal stress, that is, stress based on the original sectional area; the 
broken line represents the variation of stress based on the actual cross 
section corresponding to the strain. Each of the other loops of the 
upper row is a plot of the true stress as previously defined. 

Comparison of loops 1 to 4, with allowance for the fact that the 
abscissa scale is much more sensitive for loops, 2, 3, and 4 than for 
loop 1, shows that each of these loops (both at the middle and at the 
bottom opening) is considerably nariower than the preceding loop. With 
continued cyclic repetition, the difference in form between any two ad- 
jacent loops gradually becomes smaller. In order to study these later 
variations, therefore, it is necessary to use a still more sensitive 
abscissa seals. For loops 5 to I 6 I, consequently, abscissas represent 
deviations from a tensile modulus of 3 I ^ 10® pei, plotted on a more open 
scale. (A more detailed discussion of the deviation method of plotting 
is given later in the description of fig. 4.) 

Consideration is given now to the variation with cyclic repetition 
of the loop width at the middle, the width of the opening at the bottom, 
and the negative creep at the bottom. These values are listed in table 4; 
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■'.’•alues for cycles not shown in this figure me.y be found in an earlier re- 
port (refsi’ence 1 , table III), For some cycles, strain measurements were 
not made, but the stress range was the same as for the measured cycles. 
The time for the unmeasured cyo.le was much less than for a measured cycle 
The net plastic extension per cycle, consequently, was much less for the 
unmeasured than for the measured cycle. 

With cyclic repetition, as shown in figure 3 and table 4, the width 
of the loop at the miidlo, and the width of the opening at the bottom 
tend to decrease. This general trend for each of these values, however, 
is sometimes interrupted or mashed by any marked variation of the cycle 
time, or of the time interval between cycles. Each cycle represented in 
the upper x’ow of figure 3 generally started immediately after the end of 
the cycle preceding it In the test. (The measured negative creep at the 
end of a cycle was viewed as part of that cycle.) After 11 short cycles 
144 to 154 , however, there was a rest inter^ral of 1 day. Loop 155^ which 
followed this rest interval, is much wider than loop l40. This widening 
effect is only temporai’y; during several subsequent loops the width rap- 
idly decreases and the general trend is resumed. 

The net permanent extension per cycle (width of the opening at the 
bottom of the loop) is the difference between the total positive creep 
and the total negative creep during the cycle. Most of the positive 
creep occui's at and near the top of the loop, and most of the negative 
creep occxirs at euid near the bottom. The bvilging of the loop in the 
first paxt of the descent from uhe top gives queilitative evidence of pos- 
itive creep; but the actual creep is less than indicated, owing to the 
use of the deviation method of plotting. It was not possible to make di- 
rect measurements of either the tota l .positive or tota l negative creep 
occurring during. a cycle. Values of the positive creep based on the 
bulging of the loop below the top, however, are listed in table 4; these 
values have only qualitative significance. They would be lees had more 
time been allowed for positive creep at the top of the loop. 

Positive creep during the first part of the descent from the top may 
have its counterpart in negative ci*eep during the first part of the as- 
cent from the bottom of the loop. That is, if time is not given for neg- 
ative creep at the bottom of a loop, negative creep generally becomes ev- 
ident dxiring the first part of the ascent of the next loop in increasing 
the steepness of the curve. In an investigation of the stress-strain or 
stress-set relationship, therefore, care is necessary to eliminate or 
minimize the disturbing effect of negative creep near the end of a cycle, 
on the form of the following stress-strain or stress-set curve. In the 
cycles represented in figure 3 and in most of the experiments represented 
in the figures of this report, the disturbing effect of negative cfeep 
was minimized by allowing a rest interval before beginning the next cycle 
Time was thus given for completion of important thermal creep and the 
most rapid part of the inelastic creep. Much longer time is necessary. 
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however, to eliminate entirely the influence of inelastic negative creep 
(reference 9^ In table 4, the amounts of negative creep during 1 and 3 
minutes are listed for specimen DA-5« That the rate of negative creep 
decreases rapidly is indicated by the greater creep occurring during the 
first minute than in the succeeding 2 minutes. The negative creep during 
the first .minute for these cycles is not plotted in figure 3 * 


3. Hysteresis Experiments on Specimens DA-3 DA-4 

In the lower row of figure 3 the loops represent series of cycles 
obtained on two specimens DA-3 DA-4. The stress range used was some- 
what smaller than used with specimen DA-5* noted before, overstress 
on specimen DA-3 after 29 cycles necessitated the continuation of these 
tests upon specimen DA-4, which was first given 30 rapid unmeasured 
cycles. The total extension during these first 30 cycles was not meas- 
ured, but as explained earlier (reference l) , could be assumed to be 
about 3*5 percent. 

The first five stress-strain loops for specimen DA-3 plotted; 
the remaining selected loops shown were obtained with specimen DA- 4, and 
are plotted as deviation from a modulus of 31 ^ 10 ^ psi on a more open 
scale. Data on the cycles shown are listed in table 4. Data not shown 
for measured and unmeasured cycles on these specimens may be found in an 
an earlier report (reference 1, tables IV and V) . 

For cycles 83 through 388 upon specimen DA-4, the extensometer used 
was reset after each measured cycle, permitting some small unmeasured 
negative creep during this interim. This interval was therefore not con- 
sidered a part of a cycle; as indicated by the first symbol of the suc- 
ceeding cycle, this resetting generally required 2 minutes. The negative 
creep measured after the first minute rest interval, however, is consid- 
ered a portion of the previous cycle. 

Cycle 31 is somewhat wider than any of the loops immediately follow- 
ing (see reference l) owing probably to an unstable condition induced 
during the preceding 3^ rapid cycles. With slow cyclic repetition, the 
maximum loop width and the width of the opening at the bottom oi the loop 
gradually decrease. The positive creep likewise gradually decreases. 

The 3 "day interval preceding loop II 6 causes it to be somewhat wider than 
loop 83 . However, loop II 8 , which has a short prior rest interval, has 
considerably less loop width than loop 83 * Loops 376 and 377 ure not ap- 
preciably different from loop II 8 . Rapid cyclic stressing preceding 
loop 376 evidently did not cause it to differ appreciably from loop 377- 
Hence, loop 388 is effectively wider than loop 377 owing to the greatly 
increased cycle time, rather than because of the rapid cycles preceding 
it. 
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h. Variation of Creep with Cyclic Repetition 

Negative creep at the hottom of the loop evidently decreases rapidJ.y 
during the first few cycles, and changes more slowl;'^ with further cyclic 
stressing. With cyclic repetition, both the net positive and negative 
creep probably approach zero. The width of the loop at the middle, how- 
ever, probably approaches a limiting value greater than zero. With a 
con^jletely closed loop, the fom and size would be independent of cycle 
time, producing "elastic," or better, "statical" hysteresis. 

Statical hysteresis evidently had net been attained in specimens 
DA-5 or DA-4, since the loops are far from closure. Thousands, possibly 
millions, of cycles probably would be necessary to cause such closure 
(reference 10). With much shorter cycle time (higher cycle frequency), 
the number of cycles necessary to reach a condition of statical hystere- 
sis would be still greater. 

Negative creep frequently is called "elastic aftereffect." This 
term is erroneous, however, because negative creep is often caused by 
plastic deformation of parts of the microstructure of a metal. One kind 
of negative creep which is truly elastic is thermal creep, as caused by 
temperature equalization of a metal following a rapid change of stress . 

In a comprehensive discussion of thermal creep given in the earlier re- 
port (reference 1, p. 8) it is shown that the measurable thermal creep 
caused by loading or unloading, within the yield stress range, a speci- 
men of the form and size used, probably would be complete within a 
minute. Calculation of the amount of total thermal negative creep for 
the loops illustrated in figure 3 gives a value of less than 0.001 per- 
cent . The negative creep observed at the end of each loop measured was 
therefox’e almost entirely inelastic creep. Although there may be a 
real difference between the so-called "drift" and other types of slow 
creep referred to in the literature, the authors are lonable to make such 
a distinction in the discussion of the data to be presented. 


III. MEASUREMENT OF STRESS, STRAIN, AND PERMANENT SET 
1. Method of Test and Plotting of Results 


In each series of hysteresis experiments previously described, the 
stress range was held constant. To investigate the elastic strength and 
modulus of elasticity, however, it has been found desirable to subject 
the metal to repeated stress cycles of increasing range, so as to obtain 
correlated stress-strain and stress-set curves. For this purpose spec- 
imens have been loaded and unloaded cyclically to progressively greater 
loads, until the total plastic extension reached at least 0.1 percent. 
The specimen was not con5)letely unloaded during each cycle, but only to 
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a fixed lower value^ in order to avoid disturbing the alinement *of grips, 
adapters, and specimen. 

By plotting for each cycle of stress, the strain as measured by 
difference in strain meter readings at each upper load and at the beginr- 
ning of the first cycle of stress, against the stress corresponding to 
each upper load, ^ a stress-strain curve may be obtained from the series 
of stress cycles. Such a stress-strain curve is generally almost iden- 
tical with a curve obtained with uninterrupted increase of stress. An 
actual stress-strain curve obtained by cyclic loading and unloading in 
tension is shewn in figure 4A (designated unccrrected) . Stress is 
plotted as ordinates and strain (extension) as abscissa. The experimen- 
tal values are indicated as points on the curve, which has been extrapo- 
lated to zero stress. 

For a more sensitive picture of the variation of strain with stress, 
it is desirable to plot a stress-deviation curve, as shown by the broken 
curve (designated uncorrected) in figure ^B. The strains represented in 
this figure are not the total strains, but are the calculated differences 
between the total strains and tne strains corresponding to an assumed 
constant value of the modulus of elasticity (for this curve 32 x 10 ps:i). 
Figure 4B is plotted upon a more open abscissa scale than is figure 4A. 

By suitable choice of the assumed modulus value, the stress-deviation 
curve gives a very sensitive representation of the variation of strain 
with stress. Abscissa values on the broken curve in figure 4B correspond 
in figure 4A to the horizontal distances between the straight line rep- 
resenting a modulus of 32 millloii psi and the plotted stress -strain 
curve, measured at corresponding stress ordinates. 

By plotting the stress for the upper load in each cycle against the 
permanent set, as measured by the difference in strain meter readings at 
the lower load, at the end of that cycle, and at the beginning of the 
first cycle, a stress-set curve is obtained. The stress-set curve corre- 
sponding to the stress-strain relationship in figures 4A and 4B is plot- 
ted in figure kC . Experimental values are indicated on the curve . The 
extreme upper portion is not shown, owing to the sensitivity of the ab- 
scissa scale used. 

The values of strain and permanent set measured for each cycle of 
stress will depend on the time schedule of loading and unloading. In 
addition to the change of elastic strain with change of load, positive 
creep will occur at and near the upper load; whereas negative creep will 
occur while at and near the lower load. In this investigation, therefore, 
the load was held for a period of 2 minutes at the upper and lower limit 


^Each stress value is based upon the load and upon the dimensions 
of the specimen at the beginning of the series of cycles. 
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in each cycle "before strain meter readings were obtained. After this 
holding time^ as indicated in part II^ the creep rate will have reached 
a small value. The use of such holding times made it unnecessary to 
maintain an ultrasensitive control of the rates of loading and unloading 
or to obtain readings at exactly prescribed times. The actual rates were 
maintained well within the req^uired limits . 

In order to investigate the influence of prior plastic extension on 
the stress -deviation and stress- set curves^ some rod specimens were ex- 
tended plastically by numerous increments to about the point of beginning 
local contraction. Correlated stress -strain and stress -set curves were 
obtained with the unextended specimen and after each increment of exten- 
sion. Some of these increments were largo, but others were equivalent 
only to the extension obtained in determining the previous stress-set 
curve. The distribution of these increments of extension over tbe range 
of prior deformation is termed **exten3ion spacing v” After each incre- 
ment of extension, the specimen was permitted to rest before determining 
the stress-strain and stress-set curves;^ the foim of such curves will 
depend somewhat upon the duration of such a "rest interval." That cer- 
tain changes occur in a test specimen during a rest interval is evidenced 
by negative creep during this period. As shown in earlier reports (ref- 
erences 1, 2, and 7)^ these changes are greatly accelerated by a slight 
elevation of the temperature during the rest interval. 

In later tests, in a study of the influence of plastic deformation 
upon the elastic properties of nonfsrrous metal tubing and l8:8 Cr-Nl 
steel tubing, different laboratory-annealed specimens were extended vary- 
ing amounts, following which single correlated stress-strain end stress- 
set curves were measured on each specimen. Thus the influence of vary- 
ing extension spacing and rest interval were not factors in these later 
tests. 


2. Accuracy of Determination of Set and Strain Values 

Because of the change in elastic strain with load, any deviation in 
the actual load at which a strain meter reading is talien, from the re- 
corded value, will introduce an error in the determination of strain or 
sot. This deviation will depend upon the sensibility of reading the 
scale of the testing machine and the ability of the testing machine op- 
erator to maintain the load during strain meter readings. 


’Since stress values are based upon the specimen cross section at 
the beginning of measurement of each stress -strain curve, they will be 
referred to in this report as "true" stresses, as distinguished from 
"nominal" stresses based upon the original cross section of the specimen. 
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A discueeion of the relative influence of these factors is given in 
earlier reports (references 1, 2, and 7)* It is there shown that these 
errors are negligible, or may be minimized by careful test procedures, so 
as not to mask the influence of important factors on the elastic proper- 
ties of metals. 


IV. THE INFLUENCE OF PEIOR PLASTIC DEFOEMATION ON THE 
ELASTIC STPENGTH OF METALS 


In studying the elastic strength of metals, as affected by plastic 
deformation, attention will be given first to annealed nickel. The in- 
fluence of various factors upon the elastic strength of this metal will 
be studied in detail. A comparative study will then be me,de of the other 
metals . 


1. Influence of Plastic Extension on the Stress-Set Curve and 
the Tensile Elastic Strength of Annealed Nickel Red 

In order to investigate the tensile elastic properties of fully an- 
nealed nickel rod, a specimen of cold-drawn rod (R) was annealed at 
1400° F (reference 7)* Correlated stress-dev^iation and stress-set curves 
obtained with this specimen (R-l4) are shoirm in figure 5* The stress-set 
curves, similar to the curve found in figure 4C, are in the lower row of 
the fl,‘gure . Directly above the origin of each stress-set curve is the 
oi’igin of the corresponding stress -deviation curve, similar to that found 
in figure 4B. 

The origin of each stress-set curve in figure 5 is shifted to the 
right a constant interval from the origin of the preceding curve, and has 
its own scale of abscissas. Distances between the origins have no rela- 
tion to this scale . The curves were obtained consecutively from left to 
right, in pairs, by methods described in part III, and with intervening 
(varying) amounts of prior plastic extension. Curve 9 of this group is 
Identical with the stress-set curve in figure 4C. 

The prior extensions for individual curves are not indicated in fig- 
ure 5* The curves are numbered consecutively, however, and the percent- 
ages of prior extension may be found by referring to the correspondingly 
n umb ered experimeixtally determined points in figure 7> which is derived 
from the stress-set curves in figure 5- 

The rest intervals between two series of cycles from which a pair 
of stress-set curves were determined, range from 31 to 37 minutes; 
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■between separate pairs of curves the rest interval was somewhat longer. 
The rest interval preceding each series of cycles from which a stress- 
set, curve is o'btained is indicated in figure 5 tiy the symbol placed at 
one or more experimentally detemined points on the curve. 

ITrom each stress-set curve are derived five proof stress values cor- 
responding to total sets of 0.001, 0.005, 0.01, 0.03, and 0.1 percent. 

In figure 7, these proof stresses are plotted against the corresponding 
percentages of total prior plastic extension. Stress is plotted on an 
of 1 set scale in oi’der to differentiate the cui'ves for the several proof 
seta • As indices of elastic strength, the proof s’Cresses based upon 
0.001- and 0.003 -per cent set probably should receive mere consideration 
than the proof stresses based on larger percentages of permanent set. 

The 0. 1-percent proof stress should be viewed as an index of yield 
strength rather than as an index of elastic strength. 

In each curve of figure 7, the points derived from experiment are 
distributed along the extension axis, in pairs, which are separated by 
relatively long intervening plastic extensions. En,ch pair of points is 
derived from a pair of stress -set curves determined with an intervening 
plastic extension equivalent only to that obtained in determining the 
first curve of the pair. The altemate long and short extensions were 
mad© in oi’der to reveal the influence of the amount of intervening pla,s- 
tic extension on the foria of the stress-set and stress-strain curves and 
on the derived tensile elastic properties. 

The stress-set relationship, as affected by plastic extension, rest 
interval, and extension spacing may best be studied by considering the 
derived curves of variation of the proof stresses with prior plastic ex- 
tension. In studying this relationship for annealed nickel, however, it 
also shall be of interest to consider the interrelationship of the forms 
of the derived curves (fig. 7) QJid. the stress-set curves (fig- 5)- The 
steeper the stress-set curves, the higher are the derived proof stresses. 
It should be noted that the oscillations in the curves for 0,001-percent 
projdf stress are usually large and parallel to those for greater values 
of set. They are due principally, therefore, to variations in properties 
of the test specimen, not to any lack of sensitivity of the testing appa- 
ratus . 

The first stress -set curve of each pair (fig. 5) generally is less 
steep than the second. This relationship is illustrated also by the re- 
lative height of the experimentally derived points in the diagram (fig. 

7). The first point of each pair, with few exceptions, is lower than the 
second. Such differences are due partly to the differences in the dura- 
tion of t'l© rest interval; the longer the rest interval, the lower gen- 
erally is the corresponding point on the derived diagram. This lowering 
is most prciQlnent during the first portion of the rest interval and is 
slight after 1 day. The generally higher position of the second point 
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of a pair, however, Is due partly to the influence of the extension spac- 
ing. 

The oscillations due to the influence of the rest interval and of 
the extension spacing are superposed on curves of variation of the proof 
stresses due to prior plastic extension alone. The latter curves, here- 
after termed ""basic curves," would be smooth in form, but cannot be deter- 
mined independently on a single specimen. The basic curves would be 
nearly parallel, however, to curves drawn through the mean position of 
the oscillations . If the basic cur/es were drawTi in figure 7, all but 
the lowest curves would rise continuously, at a gradually decreasing rate. 
The basic curve for the 0 , 001-percent proof stress would not rise contin- 
uously, but would have several minima and maxima; it probably has a 
slight initial descent, as illustrated by the fact that point 3 is lower 
than point 1. In later measurements of the tension stress-set curves cf 
nonferrous metal tubing, individual annealed specimens were extended vary- 
ing amounts before test; such derived proof stress extension curves hence 
are basic curves de\^oid of the influence of the rest interval and of the 
extension spacing. 


2. Internal Stresses and Their Effects on the Tensile Proof Stresses 

The oscillations in proof stress-extension curves may be attributed 
to variations of one or more kinds of intemal stress due to changes of 
extension spacing or rest interval. As shown by Heyn and Bauer (refer- 
ence 11} and Masing (reference 12), the internal stresses induced are of 
three kinds. The first, termed macroscopic internal stress, is caused 
by nonuniformity of plastic deformation in different parts of a cross sec- 
tion. Heyn has d.evised a method for measuring approximately internal 
stresses of this kind. Such internal stress tends to lower the observed 
elastic strength. The second kind of inteimal stress, termed hereafter 
"microstructural stress," is due to initial differences in the resistance 
to plastic defonmation of variously oriented grains of a polycrystalline 
aggregate, and to differences in the strength of different microconstit- 
uents; when the stress is removed following plastic deformation of the 
metal, some of the grains will be under tensile stress and others under 
compressive stress. According to Masing (reference 13) and others, 
microstructural stress is the cause of the Bauschinger Effect (reference 
Ik) and of the "elastic aftereffect," better designated as negative creep. 
There is some evidence, however, that the influence of microstructural 
stress is very similar to that of macroscopic internal stress. The 
Bauschinger effect probably is due largely to the third kind of interaal 
stress . 

The third kind of internal stress described by Heyn and by Masing 
is associated with space-lattice changes involved in work- hardening. It 
has been shown by Smith and Wood (reference 15) that the plastic extension 
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of iron causes a three -dimensions,! ez^ansion which remains after removal 
of the stress. This type of infsrnul stress^ termed "lattice expansion," 
cannot be wholly removed except by reciystallization. The authors of the 
present summary ai’e of the opinion, however, that the lattice expansion 
diminished somewhat with rest at room tearperatu-re . The lattice expansion, 
therefore, probably is associated essentially with work- hardening. As it 
probably differs in direction parallel and normal to the direction of ex- 
tension, this directional variation would account for the Bauschir.ger ef- 
fect. 


In future discussion, the unqualified teim "internal stress" will 
signify only the combined effect of macroscopic internal stress and micro- 
stiTictural stress. The production of such internal stress tends to lowei’ 
the proof stress. According to figure 7, and from results of interrupted 
tests on other metals to be described later, moderate to large extensions 
tend to induce internal stress; whereas slight extensions following such 
large reductions tend to remove it. During initial extension of nickel, 
the effect of induced intexnal stress also is evident in an actual slight 
lowering of the 0.001-percent basic proof stress curve. 

Lattice e:i^aneion tends to cause a rise of proof stress, as evi- 
denced by the general rise of all proof stresses with extension of an- 
nealed nickel (fig. 7)« She oscillations superposed on the basic curves 
are due to fluctuations of the relative dominant influences of induced 
internal stress and lattice expansion. They are most evident in the 
lower proof stress curves. 

Templin and Sturm (reference l6) show that uninterrupted plastic de- 
fontiation by tensile extension tends to raise the subsequently measured 
tensile yield stresses (0.2-percent offset) far above the conpressive 
yield stresses, an evidence of the Bauschinger effect. In cold-drawing, 
however, tensile and compressive yield stresses remained equal. Extend- 
ing from the right boundary of figure J are short lines Indicating the 
proof stresses obtained upon a specimen of the nickel rod (E) in the 
cold-drawn condition (cold-drawn to 60-percent reduction, that is, 150- 
percent equivalent extension, during manufacture). Extrapolation of the 
five proof stress curves to the right from 35-p©^cent to 150-percent ex- 
tension would give proof stress values somewhat higher than those ob- 
tained for the cold-drawn nickel rod, an evidence of the Bauechinger ef- 
fect. 


3 . Influence of Plastic Deformation on the Tensile Elastic Strength 

of Nickel Tubing 

Nickel tubing (TRF) which had been cold-reduced 75 to 80 percent in 
area of cross section, and normalized at 500° F during manufacture, was 
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BCft-aimealed at 1450^ F. Individual specimens then were extended vary- 
ing amounts ranging from 0.5 to 10.0 percent. (See table 3*) Tensile 
proof stresses, derived from tensile stress-set curves obtained with these 
specimens^ and with an unextended annealed specimen are plotted in figure 
8A. The amount of extension^ given as eq,ui valent reduction of area^ is 
plotted as abscissa. The experimentally derived points are connected by 
straight lines. Smooth curves drawn through these points, however, would 
not deviate greatly from these lines. With increasing plastic extension 
(fig. 8 a), al3 the proof stresses exhibit an initial decrease followed by 
a rise. The rise is more rapid for the higher proof sets. 

In figure 8B are plotted tensile proof stresses measured upon nickel 
tubing cold-reduced 10, 20, 30, 40, and 75 to 80 percent, respectively, 
during manufacture. The amount of cold-reduction is plotted as abscissa. 
Symbols denoting the various cold-reduced grades are marked on the diagram 
along corresponding abscissa. (See table 3-) Proof stress values for 
the laboratory annealed specimen (TEF) are plotted at zero equivalent re- 
duction in both figures 8A and 8B. 

With increasing cold reduction (fig. 8 b) the proof stresses show a 
general rise, which is greatest between zero and 10-percent reduction. 
Values of proof stress for the annealed tubing and for nickel tubing cold- 
reduced 10 percent are connected by broken straight lines because the 
course of these curves is least accurately defined in this range. 

The intial decrease in proof stress with extension is probably due 
to the dominant influence of increase of internal stress; the subsequent 
rise of proof stress with extension (fig. 8 a) and the rise with cold re- 
duction (fig. 8 b) may be attributed Qhiefly to the influence of the sec- 
ond factor, lattice expansion or work- hardening. 

Extrapolation of the almost linear 0.03- ond 0.10-percent proof 
stress curves in figure 8 a to 10-percent reduction would give values ap- 
proximately equal to that obtained with nickel tubing, TEA, cold-reduced 
10 percent. Extrapolation of the lower proof stress curves for the ex- 
tended tubing would give values lower than those obtained with the tubing 
cold-reduced 10 percent. 


4. Influence of Plastic Deformation on the Shear Elastic Strength 

of Nickel Tubing 

The procedure of measuring shear strain and shear permanent set, us- 
ing the optical torsion meter and the pendulum type torsion testing ma- 
chine was generally the same as the procedure follow^ed in the tension 
measurements . 
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The tubing was as thin-walled as was deemed possible without danger 
of buckling during measurement of strain. The shear stress and strain 
increased from nhe inner to the outer portions of the wall.. Assuming 
that both sti^ss and strain increase linearly with distance from the axis 
of the tube, the shear stress T at the mean fiber would be given by 
(reference 17) 


T 


2M 

nPt 




and the shear strain 7 would be given by 


( 1 ) 


7 = (2) 

L 2L V By 

where 

M applied torq.ue in inch-pounds 

D outer diameter of tube 

t thickness of tube 

r mean radius 1 ^ ? — ^ 

^ 2 ^ 

0 angle of twist in gage length L 

Shear stresses and strains cong)uted by formulas (l) and (2) will 
not deviate significantly from the true average values, even at large 
plastic strains. 

Nickel tubing TRF, which had been cold-reduced 75 to 80 percent in 
area and normalized at 500° F during manufacture, was soft-annealed at 
1450° F.(See reference 6.) Individual specimens then were extended vari- 
ous amounts ranging nominally from O.5 to 10.0 percent, respectively. 
These specimens are described in table 3* Shear proof stress values de- 
rived from shear stress-set curves measured upon these specimens are 
plotted in figure I7A. The amount of extension expressed as equivalent 
reduction of area is plotted as abscissa. The experimentally derived 
points are connected by straight lines. A smooth curve drawn through 
the experimentally derived points would not deviate greatly from these 
lines. With increasing extension the 0.1- and 0.03-percent shear proof 
stresses show a slight initial rise; the lower proof stresses exhibit 
an initial decrease. At greater extensions all proof stresses rise; 
this rise is most rapid at the greater values of set. Figure 17B shows 
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shear proof stresses obtained with nickel tubing cold-reduced 10, 20, 30, 
40, and 75 to 00 percent during manufacture. The amount of cold reduction 
In cross section is plotted as abscissa. The symbols denoting the vari- 
ous cold-reduced grades are marked in the diagram along corresponding 
abscissa. Proof stresses for the fully annealed nickel specimens are 
plotted at zero equivalent reduction of area in both figures 17A and 17B. 
Solid lines connecting the points representing the various cold reductions 
would correspond closely to the actual variation of these proof stresses. 

The initial decrease of the lower proof stresses with extension of 
the annealed metal (fig. 17A) probably is due to an increase of internal 
stress. The subsequent rise of proof stress with extension (fig. 17A) 
and the rise with cold reduction (fig. 17B) may be attributed to the 
lattice -expansion factor. 


5. Influence of Plastic Deformation on the Elastic Strength of 
Monel, Aluminum-Monel, Inconel, and Copper 

The variation of tensile proof stress with prior plastic extension 
as determined upon a specimen of cold-dravm monel rod, soft -annealed at 
1400° F (G-14) is shown in figure 9. (See reference 2.) The methods of 
testing, with intervening (varying) extensions, were similar to those em- 
ployed upon nlckhl specimen R-14, These tests are described at length in 
an earlier report. (See reference 2.) The heat treatment is described 
in table 2. 

A series of cold-reduced monel tubular specimens TGEE was soft- 
annealed at 1400° F and was then extended a chosen amount, which ranged 
from 0.5 to 10 percent. Figure lOA shows the variation of the proof 
stress with equivalent reduction, as obtained from single tests on each 
of the extended annealed specimens. 

Figure lOB shows the tensile proof stresses for the various cold- 
reduced grades of monel tubing, plotted against the amount of cold reduc- 
tion. Values for annealed monel TGEE are plotted at zero reduction in 
each diagram. The specimens used in deriving figure 10 are described in 
table 3. 

With tensile extension (figs, 9 and lOA), the proof stresses gener- 
ally exhibit an initial small decrease, followed by a rise; this rise is 
most rapid for the higher proof stresses. With cold reduction (fig. 3.0B) 
all proof stresses rise continuously. The initial decrease may be at- 
tributed to the influence of induced internal stress. The subsequent 
rise with tensile extension and the rise with cold reduction probably are 
due to lattice expansion, that is, work -hardening. 
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Figure 18 a shows the variation of shear proof stress with eq_uivalsnt 
reduction as measured by single tests upon each of a series of cold- 
reduced monei tabular specimens TGE, which were soft-annealed at l400° F 
and then each extended a different amount before test. Figure i 8B shovrs 
the variation of shear proof stress with cold reduction for the several 
grades of cold-reduced monel tubjng. These tests were described in an 
earlier report. (See reference 6.) The specimens tested are described 
in table 3* With extension (fig.lBA), there occurs an initial drop in 
all sheai- proof stresses owing to dominance of induced intemal stress. 
This is followed by a rise, due to dominance of lattice expansion. The 
rise with increasing cold reduction in figiire i 8B is likewise ascribed, 
to lattice expansion. 

V/ith extension of annealed aluminum-monel tubing, THD (fig. IIA), 
the tensile proof stresses exhibit an initial decrease followed by an 
increase. The variation is similar to that obtained with extension of 
annealed monel rod (fig. 9) £tnd tubing (fig. lOA) . With increasing cold 
reduction (fig. IIB), all proof stresses for this metal rise. Values 
for the laboratory- and factory-annealed tubing are plotted at zero 
reduction of area; broken lines connect these points with points repre- 
senting the smallest cold reduction. This diagram is similar to that 
obtained with monel tubing (fig. lOE) . 

The shear proof stresses first decrease and later increase, with in- 
crease of extension of annealed aluminum-monel tubing THD as shown in fig- 
ure 19A. (See also reference 6.) With cold reduction of aluminum-monel 
(fig. 19B), all shear proof stresses rise. Values for the laboratory- 
and factory-annealed specimens are plotted at zero reduction; broken 
lines connect these points with points representing the smallest cold 
reductions. These diagrams are in many respects similar to those ob- 
tained upon nickel tubing (fig. 17 ). 

The variation with extension of the tensile proof stresses of a 
single Inconel rod specimen (L), cold-drawn and annealed at 1750° F, is 
shown in figure 12. (See also reference 2.) Figure 13 shows the vari- 
ation of tensile proof stress with extension of Inconel tubing TLD, 
annealed at 1750° F, and with cold-reduction of Inconel tubing TL as 
measured upon a series of single specimens prepared in a manner similar 
to that employed in the tests on nickel, monel, and aluminum-monel tub- 
ing. The rod specimen L-17-5 is described in table 2, the tubular spec- 
imens in table 3 • 

V/ith tensile extension of annealed Inconel (figs. 12 and 13A), 
there is exhibited an initial decrease in all tensile proof stresses,' 
followed by a rise similar to that found for monel find aliuninum-monel. 

With cold reduction (fig. 13B), all proof stresses rise. Values for 
the laboratory-annealed specimens lie somewhat above those for the 
factory-annealed product. This difference possibly is due to a 
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straightening operation given this metal following factory annealing, 
thereby Inducing some internal stress. The initial decrease of proof 
stress with extension can be attributed to induced internal stress; the 
subsequent rise with tensile extension and the rise with cold reduction 
may be attributed to lattice expansion. 

With increase of tensile extension of soft-annealed Inconel tubing 
TLD (fig. 20A), the shear proof stress exhibits an initial decrease fol- 
lowed by a rise, similar to that obtained with other metals. With in- 
crease of cold reduction of Inconel (fig. 20B), the shear proof stresses 
rise in a loanner similar to that obtained with aluminum-monel metal (fig. 
I9B) . Values for both the laboi’atory- and factory-annealed specimens are 
plotted at zero reduction of area, and broken lines connect these points 
with points representing the smallest cold reductions. The actual vari- 
ation of the shear pi’oof stresses over this range may deviate appreciably 
from such an indicated linear relationship. The solid lines connecting 
the points representing the various cold reductions would correspond more 
nearly to the actual variation of these proof stresses. 

A specimen of cold-rolled copper rod K was annealed at 600° F 
(references 2 and j), according to the treatment given in table 2. Cor- 
related tensile stress-strain and stress-set curves were obtained upon 
this specimen at intervals between extension Increments, similar to the 
method eD5>loyed with annealed nickel, monel, and Inconel rod. 

In figure IUa is shown a plot of tensile proof stress versus the 
amount of prior extension of the annealed copper rod W-6. All proof 
stresses exhibit a rise with extension. The proof stress values for 
0.001- and 0.003-percent set, however, oscillate somewhat about their 
mean positions, in a manner similar to that obtained with extension of 
other annealed rod materials. Lattice expansion or work-hardening evi- 
dently dominates throughout this rise. 

In figure 14B is shown the variation of proof stress with extension 
for cold-rolled copper rod W (references 2 and 7 ) • This material had 
been reduced 75 percent in area of cross section (3OO-- percent equivalent 
extension) during manufacture, without intermediate einneal. This dia- 
gram is typical of that obtained with extension of severely cold-worked 
metals. An initial small extension produces a large rise of proof 
stress, especially for the lower values of set, due to relief of internal 
stress induced during the cold-rolling. V/ith succeeding small extensions, 
the lower proof stresses oscillate over wide ranges. As the extension at 
maximum load is small, about 1 percent, negligible work- hardening would 
occur up to this point. Extended discussion of the influence of exten- 
sion upon the proof stresses of many cold-worked metals is found in the 
earlier reports (references 1, 2, and 7)- 
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6. The Effect of Plastic Deformation on the Elastic Strength 

of Two Stainless Steels 

Two types of ctjromium-nickel stain3.ees steels were studied, in this 
investigation. One steei., composed principali.y of 13-percent chromium 
and about 2-percent nickel^ is a heat treatable stainless steel possess- 
ing deop hardening characteristics. (See reference 2.) The tensile- 
elastic properties were obtained of this steel in its softest condition, 
and a.lso after air-cooling from 1750^ F and tempering at various temper- 
atures, followed by furnace cooling. The softest condition is obtained 
by holding at a te'ig)erature of about 1260^^ F, followed by furnace cool- 
ing. This material was obtained from the manufacturer in t.he softest 
condition. 

The other steel studied was l8;8 chromium-nickel steel. This alloy 
usually is austenitic at room tcnrperatui-e although structural changes may 
occTir at low temperatures or from long exposure to elevated ten5)eratures . 
Commercial hardening is genei’ally produced by cold-work. It may be sof- 
tened by water quenching from above ,l800° F. This high temperature is 
used In order to prevent intergranular precipitation of carbides. An ex- 
tended investigation has been carried on with this alley in both the an- 
nealed aiid cold-worksd conditions, and for several diffei’ent compositions 
(references 1 and 2). A specimen of the soft "as-received" 13:2 Cr-Ni 
steel .I'od was extended by small stages to the beginning of local contrac- 
tion; after each of the stages, correlated stress-strain and stress-set 
curves were determined. (See reference 2.) 

Figure 15 shows the variation with extension of the tensile proof 
stresses of this material. With extension, all proof stresses show an 
initial sharp rise. At greater extensions, the proof stresses for the 
smaller values of permanent set oscillate between high and low values; 
the low points generally correspond to the larger prior rest intervals . 

At various stages of the test, the specimen was loaded cyclically be- 
tween 1000 and 80,000 psi, nominal^ stress, immediately preceding a 
stress-set curve. The proof stress values obtained from such curves are 
indicated by diamond- shaped symbols in the diagram. These generally are 
at high points in figure 15; whereas low values generally are found fol- 
lowing long rest intervals. The basic proof stress-extension curves 
would tend to rise continuously with extension. 

The general rise of proof stress may be attributed to work- hardening. 
Part of the oscillation is due to variation of induced internal stress. 
However, high values of proof stress generally follow short rest intervals 

^The nominal stress, as differentiated from the true stress, is cal- 
culated by dividing the lead by the original cross sectional gage area of 
the specimen. 


23 


MCA TN No. 1100 


"because appreciable negative creep was not permitted to occtir after the 
preceding stress cycle; this, in turn, tends to diminish the amount of 
positive creep during measurement, especially at the lower values of set. 

A specimen of l8:8 Cr-Ni steel rod DM, which had been cold-drawn 
to a moderate degree (designated half-hard) was water- quenched from 
1830 ^ F in order to place it in its softest condition. (See reference 2.) 
Details of heat treatment are given in table 2. Stress-strain and stress- 
set curves were then obtajned with this specimen fDM-l8.3) as aniiealed, 
and at Intervals between successive stages of extension, in a manner sim- 
ilar to the tests on other rod specimens . 

With prior extension, the 0.1-, O.O 3 - and 0.01-percent proof stress 
curves (fig. I 6 ) show a continuous rise. The 0,003-perc8nt proof stress 
curve also exhibits a slight rise, although this rise is nearly masked by 
the wide fluctuation of values. The 0. 001-percent proof stress curve 
rises during early extension but exhibits no rise at greater extensions; 

It likewise fluctuates appreciably. Othearwise, the curves are similar to 
those obtained upon other metals. Apparently lattice expansion predomi- 
nates during early extension, as evidenced by a steady rise of proof 
stress. The vide fluctuations of proof stress give evidence of large va- 
riations of internal stress superiEroosed upon the normal effect of dif- 
ference in rest interval. 

In earlier tests, not described here (references 1, 2, and l) , upon 
cold-dr-aim l8:8 Cr-Ni steel, as well as on other cold-drawn metals, it 
was found that extension of these specimens gave fluctuations of proof 
stress appreciably greater than those obtained during extension of an- 
nealed metal. This indicates a wider variation of internal stress in 
the cold- worked metal. 

Sliglit prestretching of cold-worked specimens of both nonferrous 
metals and stainless steel generally gave some elevation of the several 
proof stresses, owing to relief of interna,! stress. 

In an investigation not connected with this project, the authors 
studied the effect of prior plastic deformation on the tensile proof 
stresses of annealed 0.0i+-percent carbon steel. (See reference 7») The 
forms of the basic curves, and the fluctuations due to rest interval and 
extension spacing were similar to those obta-ined with the noriferrous 
metals and chiomium- nickel steels studied here. It was found, however, 
that the intermittent method of measuring series of stress-strain and 
stress-set cufves on those steels produced appreciable age-hardening 
additional to that obtained Ixi ordinary tension tests to fracture. 

Next to be considered is the effect of plastic deformation on the 
shear elastic strength of the l8:8 alloy. A number of specimens of 
cold-drawn l8:8 Cr-Ni steel tubing TC were water-quenched from 1900° F 
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and each then extended a different amount, ranging from 0.5 to 20 percent, 
respectively. A description of these specimens is given in table 3. 

Shear stress-strain and stress-set curves were measured upon each speci- 
men and upon an unextended annealed specimen. 

figure 21 shows the variation of shear proof stress with prior plas- 
tic extension of annealed l8:8 Cr-Ni steel tubing TC-I9. The 0.1-, 0.03-, 
and 0.01~percent shear proof stresses rise continuously with extension. 

The curve for 0.001-percent set, however, decreases to a minimum for 
siriall values of extension and rises only slightly with subsequent exten- 
sion. These variations are qualitatively similar to those obtained in 
the curves of t ensi le proof stress for some metals. 

Tne Increase of internal stress with extension probably predominates 
in causing the initial decrease of the 0.001-percent proof stress. The 
rise with extension of the remaining proof stresses may be attributed to 
the dominant influence of the lattice -expans Ion factor. Since separate 
specimens were used, these curves ai^e devoid of the fluctuation due to in- 
fluence of extension spacing and reet interval. 

A number cf other teats were also made upon factory annealed, half- 
hard and hard grades of 18:8 Cr-Ni steel tubing, in order to determine 
the effect of prior torsion upon their shear elastic properties. 

The influence of prior plastic torsion was found to be in many re- 
spects similar to the effects of prior extension; these results are given 
in an earlier report. (See reference 4.) 


7. Various Strength Indices for Nonferrous Metals 
and Chromium-Nickel Steels 

From the proof stress values enumerated above may be evaluated the 
proof -stress ratio," and the tensile and shear "work-hardening rates." 

The proof-stress ratio may be defined as the ratio of tensile to 
shear "yield stress." In figure 22, this ratio for 0.1-percent set is 
plotted against the amount of cold work received, expressed as reduction 
of area, for the various nonferrous tubular metals. This ratio may be 
considered only as an en^iirical value, because equivalent nominal (O.l 
percent) sets in tension and shear are not directly con5)arable. On the 
left side of the diagram are found values obtained with annealed tubing, 
in the center values for cold-drawn tubing, and on the right for tubing 
work-hardened by the tube-reducer method. (See table 3.) Generally 
lower values of this ratio are obtained in the middle range of the re- 
duction of area. The high values obtained with nickel and monel at 75- 
percent reduction of area (300-percent equivalent extension) might be 
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associated with directional effects due to preferred crystal orientation 
in these metals. (See pt. VI of this paper and references 2, k, 6, and 
7 . ) Factory annealing of al\iminum-monel and Inconel tuhing gave lower 
values for this ratio than did laboratory annealed tubing. 

Another ingjortant index is the work- hardening rate, as represented 
by the ratio between the yield stress after siight plastic extension and 
the initial yiei.d stress, for the soft-anuieaied metal. Such indices have 
been obtained from curves for the 0.1-percent proof stress by determining 
the ratio between the proof stress at 3-pe3rcent eq.ui valent reduction 
(3.1-perceut extension) and the initial proof stress. Values obtained 
from tensile and shear proof stress curves are given in table ^ for rod 
and tubular materials . 

It will be noted that the highest work-hardening rate for nonferrous 
metals is obtained in tension with copper rod, followed in order by 
nickel, Inconel, monel, and aluminum- monel . In shear, the highest rate 
is obtained with nickel, followed in order by monel. Inconel, and 
aluminum-monel. For nickel, the tensile work-hardening rate is greater 
for the tubular than for the rod material; for Inconel the rod material 
has the larger rate. These differences, however, are too sms.ll to be 
significant. The work-hai'dening rate for nickel is som.ewbat greater in 
shear than in tension; for aluminum-monel and Inconel the tensile work- 
hardeniiig rate is slightly larger. Monel gives work- hardening rates 
which ai’e nearly equivalent for the various testing methods used; this 
is likewise true for 18:8 Cr-Ni steel. 


V. INFLUENCE OF ANNEALING TEMPEEATUBE ON THE ELASTIC STEENGTH OF METALS 


Annealing of cold-worked metals at temperatures below the recrystal- 
lization range will sometimes produce an improvement of elastic proper- 
ties above those obtained on the unannealed metals. In order to deter- 
mine the variation of proof stresses over the whole annealing temperature 
range, individual specimens of each of the several cold-worked metals 
were annealed at different temperatures distributed over this range, be- 
fore measuring stress-strain and stress-set curves. First, a detailed 
study will be made of the effect of annealing temperature on the elastic 
strength of cold-worked nickel, followed by coniparative studies of other 
metals . 


1. Influence of Annealing Temperature on the Tensile 

Elastic Strength of Nickel Eod and Tubing 

Figure 23A shows the variation of tensile proof stress with anneal- 
ing teD5)erature for nickel rod E, cold-dra’ini 60 percent in reduction 
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of area during manufacture. The heat treatments of the various rod spec- 
imens are described in table £. Smooth curves have been drawn through 
the mean positions of the pojnts. 

With increase of annealing tec^ieratiu^e, all proof stresses rise, 
reaching a maximum at about 400° F for the 0.10-percent proof stress, and 
at about |300° F for the remaining proof stresses; the rise of the 0.10- 
percent proof stress is the slowest. With fuirther increase of annealing 
temperature, the tensile proof stresses decrease; the maximum rate of de- 
crease is between 1100° and 1200° F, that is, in the recrystallization 
range. The position of the 0.001-percent proof eti-ess curve is not well 
defined because the eri’or of estimation of this value is evidently quite 
large. The initial rise may be attributed to relief of deleterious in- 
ternal stress, the subsequent decrease to the removal of lattice expan- 
sion and to recryetallization. 

In figure 24B is sho\m the variation of tensile proof stress with 
eumealing temperature for nickel tubing TKE, cold-reiuced 75 to 80 per- 
cent, Proof stress values obtained upon a soft-annealed specimen TRF are 
replotted from figure 8 at 14-50° F. A description of the heat treatments 
of the various tubulai’ specimens is given in table 3* 

With increase of annealing temperature, all proof stresses rise, 
reaching a maximum at about 900° F, for the 0.001-percont proof stress 
and at 700° F for the remaining proof stresses; the rise of the 0.1-per- 
cent proof stress is very slight. With further increase of tenq)erature, 
all proof stresses decrease and the decrease is at a maximum rate be- 
tween 1100° F and 1200° F. This diagram is somewhat similar to that ob- 
tained for cold-drawn nickel rod (fig. 23 A) . 


2. Influence of Annealing Temperature on the Shear Elastic 
Strength of Nickel Tubing 

In figure 28 b is shown the variation of the shear proof stress with 
annealing temperature for nickel tubing. (See refeience 6.) These val- 
ues were derived from tests on a series of specimens of cold-reduced 
nickel tubing TRF, which had been reduced 75 to 80 percent during manu- 
facture and annealed In the laboratory at various temperatures. Values 
obtained upon an unannealed specimen are plotted at 100° F and those for 
a soft-annealed specimen TRF are replotted from figure 17 at 1450° F. 

With increase of finnealing ten 5 )erature there is a continuous de- 
crease of shear proof stress; this decrease is most rapid between 1100° 
and 12^0° F. This decrease may be attributed to the dominant influence 
of relief of lattice ei 5 >ansion, and to recryetallization. 
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3. Influence of Annealing Teu^era-ture on the Elastic Strength of Monel, 

Aliuninxm-Monel, Inconel, and Copper 

Figure 23B shows the variation of tensile proof stress with anneal- 
ing tenoperatiu'e for cold-drawn monel rod G (reference 2); figure 24A 
gives a similar diagram for cold-reduced monel tubing TGD. With increase 
of annealing temperature, the proof stresses rise, reaching a maximum at 
500° F for the 0.1-percent proof sti'ess, and at higher temperatures for 
some of the lower proof stresses. The subsequent decrease in proof 
stress is most rapid above 1100° F for monel rod (fig. 23B), and above 
1200° F for monel tubing (fig. 24 a) . 

The initial rise in proof stress may be attributed to the predomi- 
nant Influence of relief of internal stress, the subsequent decrease to 
removal of lattice expansion and to re crystallization. Although tubing 
TGD had received nominally the same cold work as had rod G, the latter 
shows a somewhat greater value of the 0.1-percent proof stress. Possibly 
equivalent reduction bj- different methods will not produce equivalent 
work-haidening . This apparent anamoly, however, may also be paxtly ex- 
plained by differences in composition. A greater hardness of the rod ma- 
terial is also Indicated bj its lower I'eci'ystallization temperature range 
(above 1100° F) . In many respects the tensile proof stress curves are 
similar to those for nickel. 

Figure 28A shows the variation of shear proof stress with annealing 
temperature, for cold-reduced monel tubing TGD. (See reference 6.) The 
forms of these curves are in mfiny respects similar to the curves for ten- 
sile proof stress for this metal (figs. 23B and 24 a) . The shear proof 
stresses, as would be expected, are nominally much lower than the tensile 
proof stresses. 

With increase of annealing ten5)erature for aluminum-monel metal tub- 
ing TH (fig. 25B), there are obtained maxima in the various tensile proof 
stresses, ranging from 1000° to 1075° I'. There are also lower maxima in 
the ten^^erature range 400° to 600° F. The upper maxima are due to pre- 
cipitation-hardening, the lower maxima to relief of internal stress. All 
proof stresses drop rapidly for annealing temperatures above 1075° F, 
owing to the recrystallization. 

With increase of the teng^erature of annealing aluminum-monel tubing 
(fig. 29B) there are obtained two maxima in the shear proof stress curves. 
(See reference 6.) The first and lower maximuiu due to internal stress 
relief, is obtained in the range 400° to 500° F. The second and higher 
maximum is obtained at 1075° F and is attributed to precipitation hard.en- 
ing of this alloy. At temperatures above 1075° F the shear proof stress 
drops rapidly, owing to recrystallization and to removal of lattice ex- 
pansion. 
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Flgiire 26 a shows the variation of the tensile proof stresses with 
annealing tetiiperatiire for cold-drawn Inconel rod L, (See reference 2.) 
One unannealed cold-drawn specimen was tested shortly after manufacture 
of this material; a second was tested 40 months later. The time interval 
between receipt of the metal and the annealing of the specimens was from 
26 to 39 months; between the receipt and the testing, the interval was 32 
to 4l months. Results from tests on both specimens are plotted on the 
diagram. Smooth curves have been faired through the esperimentai. points . 

The 0.1-percent tensile proof stress value obtained in the early 
test on cold-drai/n metal is somewhat greater than any other value on the 
diagram. The 0.001- and 0,003-percent proof stress values for this spec- 
imen, however, are somewhat lower than those obtained with the cold-drawn 
specimen tested 40 months later. Consideration of the values obtained in 
the early test will be deferred imtll after consideration of the remainder 
of the diagram. All proof stresses rise with increase of annealing tem- 
perature up to 800 i'; at higher temperatures the proof stresses drop 
continuously. The most rapid drop is between 1100° and 1400° F. The 
initial rise of proof stress is attributed to relief of internal stress, 
the subsequent lowering to the removal of lattice -expansion effects and 
to recrystallization. 

Apparently, the Inconel rod, as-received, had been severely cold- 
drawn, and probably contained considerable internal stress. The 40- 
month storage period probably caused a partial relief of internal stress 
and likewise a partial removal of lattice expansion. This relief of 
internal stress produced the increase of the 0.001- and 0.003-percent 
proof stresses; whereas the removal of lattice expansion produced the 
decrease of the 0.1- and 0.03-percent proof stresses. 

With increase of temperature of annealing coj.d- reduced Inconel tub- 
ing TLC (fig. 25A), there are obtained maxima in the tensile proof stress 
curves between 700° and 1100*^ F. Tiie rise to these maxima may be attrib- 
uted to relief of internal stress; the subsequent lowering to removal of 
lattice expansion. 

With increase of the temperature of annealing cold-reduced Inconel 
tubing TLC (fig. 2$k) , up to or 7OO F, thex-e is a rise of shear 

proof stress; the subsequent decrease is most marked between 1100° and 
1300 F . This diagram is similar to those obtained with nickel and 
monel tubing (fig. 28). 
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4. Inf luence of Anr.ealing or Tempering Temperature on tlie 
Elaetic Strength of Chromium-Nickel Stainless Steel 

Figure 26B shows the variation of the tensile proof stress with tem- 
pering temperature for 13:2 Cr-Ni steel. (See reference 2.) Details of 
the heat treatments are given in table 2. Values obtained upon the spec- 
imen tested as-received are plotted at 1260° F. Curves are faired 
tlirough the mean position of the points; because of the fluctuation of 
values, the positions of such cui'ves must not be considered exact. 

With increase of the teji5)ering tengperature, all proof stresses rise, 
reaching a maximum near 700*^ I'. With further temperature increase, the 
proof stresses decrease to a minimian. between 1300° and l400° F, and then 
increase somewhat with rise in temperature up to 1750° F. It is there- 
fore seen, that even with a controlled decelerated rate of furnace cool- 
ing from above l400° F, some hardening of the material occurred. This 
material can be softened onl;/ by holding slightly below the transforma- 
tion temperature. 

The initial rise of proof stress with tempering temperature is due 
to relief of internal stress, the subsequent lowering is due to recrys- 
talllzation. Internal stress evidently is produced even with air- 
hardening . 

Some specimens of half-hard l8;8 Cr-Ni steel rod DM were annealed 
at various tempera tui-es ranging from 5^0° to 1025° for l/2 hour. (See 
reference 2.) Another specimen was annealed for 44 hours at 482° F 
(250° C). Details of heat treatments are given in table 2. Correlated 
stress-strain and stress-set curves were measured on each specimen. The 
variation of proof stress with anriealing temperature is shown in figure 
27A. Values for the unextended, annealed specimen DM-I8.3 are plotted 
at 1830° F and for an unannealed specimen at 100 F. Curves are faired 
through the mean positions of the points. 

With increase of annealing ten5)erature, there is a marked rise of 
proof stress, reaching a 'maximum between 800° and 900° F. No data were 
obtained for specimens annealed between 1025° and 1830° F; however, the 
curves have been drawn in this region according to the variation gener- 
ally obtained with this alloy, so as to exhibit a rapid decrease between 
1025° and 1300° F. The initial rise is due to relief of internal stress, 
the subsequent decrease to relief of lattice expension and to recrystal- 
lization. Annealing at 482° F for an extended period gave little greater 
proof stress values than those obtained by the short -time anneal at 
500° F. This result appears to indicate that greatly increasing the an- 
nealing time has not produced any gain in elastic strength. 

Other tests discussed previously (reference 2) show that prestretch- 
Ing of stress-relief annealed l8:8 Cr-Nl steel specimens gave slight 
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in^jrovement in proof stresses^ additional to that obtained by the anneal- 
ing ti-eatment; this indicated that all internal stress was not relieved 
by such annealing treatment. Such an improvement of proof stress was not 
generally obtained with slight prestretching of stress-relief annealed 
nonferrous metals. 

In studying the elastic properties of l8:8 Cr-Ni steel, some tests 
were made at sub-zero ten^erature, in order to determine the effect of 
variation of test temperature on the tensile elastic properties. For 
this purpose a series of half-hard l8:8 Cr-Ni steel rod specimens, IM, 
were annealed at 500°, 700°, 900°, and 1830° F for 1/2 hour, as 
Indicated in table 2. These specimens and an unannealed specimen were 
tested at -110 F (-78*5 C) according to methods described in an ear- 
lier report. (See reference 3.) The extensometer and insulated chamber 
used are shown in figure 2. 

Figure 27B shows the variation of the low temperature tensile proof 
stress with annealing temperature for this alloy. Comparison with fig- 
ure 27A for room teii5)erature tests indicates that the curves are similar 
in form, but generally give somewhat higher proof stresses. A similar 
rise of proof stress with decrease of test temperature was also obtained 
upon a severely cold-drawn l8:8 Cr-Ni steel rod. (See reference 3.) 

Figure 30 shows the variation of the shear proof stress with the 
temperature of annealing cold-drawn l8:8 Cr-Ni steel tubing TC as 
measured at room temperature. There is a rise of shear proof stress 
with increase of annealing temperature up to 900° F, owing to induced 
internal stress. At higher temperatures, the shear proof stress de- 
creases, the most rapid drop occurring near 1300° F. The approximate 
course of the curves in the range 1300° to 1900° F have been indicated 
by broken lines; no specimens were annealed in this interval. The sub- 
sequent drop of proof stress may be attributed to relief of lattice ex- 
pansion and to recrystallization. 


VI. INFLUENCE OF PRIOR PLASTIC EEFORMATION ON THE MODULUS OF ELASTICITY 
AND ITS LliffiAR STRESS COEFFICIENT FOR VARIOUS METALS 
1. Influence of Plastic Extension on the Stress-Deviation Curve 
and Derived Indices for Annealed Nickel Rod 


An incon^jlete view of the elastic properties of a metal is obtained 
by considering only its stress-set relationship. Consideration should be 
given also to the influence of stress on the accompanying total strain 
and on the elastic strain. These relations are revealed by the stress- 
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deviation curves for nickel and ty derived curves and indices. A compar- 
ative study la.ter will te made upon other metals. 

Stress-deviation curves for amealed nickel rod R-l4 are shown in 
the upper row of figure 5. Curve 9 of this group is identical with the 
stress-deviation curve in figure 4B. On some of these curves, as well as 
on scattered stress-deviation curves for some other metals (not given in 
this report), ai'e plotted strain values at stresses other than those 
corresponding to upper loads in the various stress cycles . The addition- 
al data were obtained following pauses of 2-mlnute duration at these 
stresses during the increase of load in the various cycles . They per- 
mitted considei’able additional data to be secui’ed, without greatly ex- 
tending the test time. These additional strain values shown in figure 5 
are not replotted in figure 4, although they were employed in drawing the 
uncorrected stress-strain and stress -deviation curves. 

The solid line (corrected) curve in figure 4B is obtained by sub- 
tracting fi'om the broken line curve, the amounts of permanent set at the 
same stress values in the curve in figure 4C . The solid line curves in 
the upper row in figure 5 are similarly obtained by usiiig the adjacent 
• brcken.-line stress-deviation curves and the stress-set curves immediately 
below. • . 

Since the lines are plotted as deviation from a fixed modulus 
(Ea = 32 X 10® psi) on an open scale, the strain scale is sensitive 
enough to reveal a curvature in most of these lines. The assumed modulus 
value selected causes some of the curves to show an initial backward tilt. 
There is a tendency for the first curve of a pair to be steeper than the 
second. Fi'om the shape of these curves, it is apparent that the modulus 
of elasticity decreases continuously with increase of stress. The secant 
modulus, given by the ratio of the stress to elastic strain, is used to 
study the variation of the modulus with stress, and with prior plastic 
extension. 

Figure 4B illustrates the method of calculating the secant modulus 
from the corrected stress-deviation curve. In order to calculate the 
secant modulus at 25,000 psi, a straight line is drawn from the origin 
A through the intersection B. This line extended, intersects the 
32,000-psi ordinate CD at E. The, distance CE may be used to compute 
the modulus as folD.cws: The stra.in corresponding to a modulus of 
32 X 10® psi at a stress of 32,000 psi would be 0.1 percent. The dis- 
tance Ce" has a value of 0.012 percent. The secant modulus at 25,000 
psi would therefore be eq.ual to 32,000 divided by 0.00112, that is, 

28.53 million psi. By repeating this procedure of measuring the projec- 
tion on lire CD of lines intersecting the stress-deviation curve at 
various selected sti’esses, the variation of the secant modulus with 
stress can be evaluated. 
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Graphs of variation of the secant modulus of elasticity with stress, 
derived from the corrected stress-deviation curves in figure 5 , are shown 
in figure 6 . The lines are numbered consecutively in each figui'e to cor- 
respond to the sti’ess-deviation curves from which they were derived. 

Each stress-modulus line has been shifted to the right from the preceding 
line, mid ha,s been given a separate abscissa scale) the scale of abscissa 
is indicated. Abscissas reading from left to right represent values of 
the secant modulus of elasticity (in million pounds per sq.uare inch) . 
Ordinates represent stress . The points on the curves in figure 6 corre- 
spond to the selected points on the corrected stress-deviation curves at 
which the modulus was con^jutsd, not to stresses at which strains were 
observed. The prior plastic extension corresponding to each stress- 
modulus line is indicated in the derived diagram (fig. 35 ) at the corre- 
spondifigly numbered point. 

In the consecutive series of stress -modui.us lines for fully annealed 
nickel rod ^fig. 6 ) lines 1 , 3 > 6 , and 8 are curved throughout 

tlieix’ extent . Lliiea 2 and 3 are curved only at the higher values of 
stress, file other lines in the figure are approximately straight. The 
prior plastic extension beyond which all stress -modulus lines are 
straight is about 4 percent (fig. 35 ). It will be shown later that many 
annealed metals give straight stress -modulus lines only after being ex- 
tended somewhat. 

The modulus of elasticity at zero stress (Eq) may be determined 
directly from the stress-modulus line by extrapolating the line to zero 
stress. When the stx’ess-modulus line is straight, the variation of the 
secant modulus (E) with stress (S) may be represented by 

S = Eo (1 - CoS) ( 3 ) 

where Cq represents the linear stress coefficient of the secant mod- 
ulus. When the stress -modulus line is curved from the origin, the 
equation would include terms containing higher powers of S. In earlier 
reports (references 1, 2, 4, and 7) a second coefficient C*, of the 
square of S was evaluated. Since the curved stress -modulus lines gen- 
erally do not represent true quadratic equations it has been considered 
desirable to evaluate the modulus at zero stress Eq, the linear stress 
coefficient of the modulus at zero stress, Cq, and the modulus at one 
or more elevated values of stress. It should be noted that some of the 
curved stress -modulus lines for nickel give a value of zero for Cq. 

When a stress -modulus line is straight the corrected stress-strain 
curve vould "be represented "by 


e = s/e = 


EqU - CqS) 


(4) 
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where e is the corrected strain. Since the correction term CqS is 
generally small compared with 1, eq^iation (2) may he written 

e = (1/E0)(S + CoS®) (5) 

the equation for a quadratic parabola. For annealed nickel extended 
more tl'ian 4 percent^ therefore, the stress-strain line evidently would 
be a quadratic parabola; at smaller prior extensions the liaie would be a 
curve of higher oi'der. 

The diagram in figure 35 has been derived from values of Eo, Co, 
and the modulus at 30,000 psi, Ejjq. Abscissas represent percentages of 
prior plastic extension. The ordins.te scale for values of the modulus of 
elasticity is given on the left-liand border, and for the linear stress- 
coefficient, Co, on the right-hand border. 

The experimentally determined points in figure 35 are n\mbered to 
correspond to the consecutive3.y numbered stress-modulus lines in figure 
6, and to the consecutively numbered stress -deviation lines in figure 5* 
The points in figure 35 give a curve consisting of oscillations super- 
posed on a smooth basic ciu've (not shown) . The oscillations in the curve 
for Co is generally qualitatively similar to those in the curve of Eq, 
and is due to variations of extension spacing and rest interval. The 
more abrupt of the oscillations in figure 35 generally are associated 
with opposite oscillations in the proof stress-extension curves for this 
specimen (fig. ?)• This is in accordance with the fact that the differ- 
ence in steepness of the corrected stress-deviation ciirves of a pair 
generally is associated with an opposite difference in steepness of the 
corresponding stress-set curves. Increase of the rest interval appar- 
ently tends to decrease the slope of the stress-set curve and to increase 
the initial slope (So) and curvature (Cq) of the corrected stress-devi- 
ation curve. The basic curve for Eo is indicated qualitatively in fig- 
ure 35 ty the dotted line. The basic Cq and Eg^ curves are so clear- 
ly indicated by the sequence of experimentally determined points, that 
no dotted curves are needed. 

The basic So curve (fig. 35) fii'st descends rapidly at a decreas- 
ing rate and reaches a minimum at slight plastic extension. With fur- 
ther extension, the curve rises rapidly above the value at zero plastic 
extension and continues to rise at a gradually decreasing rate. At the 
beginning of local contraction (35-percent extension), the Eq curve is 
still rising slowly, and is considerably higher than at zero plastic ex- 
tension. The value of Eo at beginning local contraction is about the 
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same as that for the severely cold -drawn nickel^ R (fig» 35)]' Curve 
Ejq rises steadily at a decreasing rate, over the indicated range for 
which it could be measured. Curve Cq rises rapidly in a manner sim- 
ilar to the Eo curve, between points 7 and 9. Bejond point 9, however, 
Cq descends at a decreasing rate. 

The variation of the modulus of elasticity and its linear stress 
coefficient, Cq; with plastic deformation or with heat treatment, is 
deteimained by the relative influence of certain fundamental factors: 
namely, (a) internal stress, and its distribution over the possible slip 
plane directions, (b) lattice expansion, and (c) preferred orientation. 

An extended discussion of the influence of these three factors is given 
in earlier reports. (See references 2, 4, and 7.) Induced internal 
stress tends to cause a rise in the tensile (Eq) or shear {Qtq) moduli of 
metals. The magnitude of this effect, however, is determined by relative 
directions of the planes of maximum shear during prior deformation, and 
during subsequent modulus measurements; the effect will be greatest if 
the directions are parallel. The linear stress coefficient Cq will 
likewise increase with increase of the induced internal stress. 

Lattice expansion, or work -hardening, tends to cause lowering of the 
tension and shear moduli. It apparently is not directional in its effect, 
despite the earlier surmise that a possible difference in the amount of 
lattice expansion exists in directions normal to each other. Likewise, 

Cq tends to decrease with increase of lattice expansion. 

Cold deformation tends to orient the grains of a polycrystalline 
metal so as to aline certain crystalline planes along preferred direc- 
tions. Owing to the large directional variation of the modulus within 
the crystals of many metals, such reorientation would tend to change the 
value of the modulus from that obtained when the grains are randomly 
oriented. Before studying the changes in relative dominance of the vari- 
ous factors upon the modulus, during extension of annealed nickel rod, a 
discussion will be given of the effect of crystal orientation on the 
elastic moduli of metals. 


2. The Directional Variation of the Modulus of Single Crystals 

As the metals considered in this report are either face -centered or 
body-centered cubic, only these two types of space lattice will be con- 
sidered in the following discussion. The directional variation of the 
^The short horizontal lines at the right-hand border of figure 35 
indicate values obtained with unannealed cold -drawn nickel rod R. The 
horizontal arrows indicate values obtained with a cold -drawn nickel spec- 
imen that had been annealed for relief of internal stress at 500^ F 
(R-5). 
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tensile snd shear moduli in lattices of some metals of each of these 
types are illustrated hy the diagrams in figuies 31 to 3^, i/hich are 
adaptations of diagi-ams in reference l8. These diagrams are drawn with 
siiherlcal coordinates liaving their origins at the intersection of the 
tliree mutually perpendicular axes of symmetry. The surface ehovna in 
each figure is the locus of all points repiesenting (by distance and di- 
rection from the origin) values cf the modulus of elasticity. The axes 
C represented in each figure are the cubic axes of symmetry. 

In the discussion of crystal orientation, use will be loade of the 
Miller indices of crystal planes and directions. A crystal plane is 
thereby denoted, by a parentheses ( — ) with symbols, representing the 
reciprocals of the ratios of the intercepts of the three principal axes. 
A d.irection in a crystal is represented by'’ a bracket [ — ] with the 
sjaabols of the crystal plaiie to which the direction is normal.. A direc- 
tion ma.king equal angles with all three principal axes is denoted by 
[111] (octahedral) , the direction of the cubic axes of symmetry by [100] , 
and the dodecahedral by [ 1 . 10 ]. In figures 31 to 34 the principal crys- 
tal directions are denoted by letters, as explained in the key to these 
figures. 

A typical diagram of variation of the tensile modulus of elasticity 
E of a face-centered cubic metal is the diagi’am for gold (fig. 31 ). 

The modulus for this metal is least in the direction of the cubic axes 
(C) and greatest in the direction of the octahedral axes (O) . The ratio 
between the maximum and minimum values for gold, as given in reference 
l 8 , is 2.71. Diagrams for copper, silver, nickel, and several other 
face-centered cubic metals would be similar to figure 31« 'Ihe diagram 
for another face -centered cubic metal, aluminum (fig. 32), however, is 
very different in foim. As indicated by this nearly spherical diagram, 
the ratio of the modulus for octahedral and cubic directions is about 
1 . 2 . (See reference I8.) From strain measui'ements made in the present 
investigation, it is indicated that the space diagram for monel is prob- 
ably more similar to that for aluminum (fig. 32) tiian to that for gold 
(fig. 31). The space diagrams for nickel, aluminum-monel. Inconel, and 
18:8 Cr-Ni steel crystals, however, are probably similar to that for 
gold (fig. 31) . 

The diagram for a body-centered cubic metal, alpha iron, is shown 
in figure 33. This diagram is similar in form to figure 3I, having a 
ratio of modulus values in the octahedral and cubic directions of 2 . 15 . 
(See reference 18.) For tungsten, the corresponding ratio is about 1 . 0 , 
so that its diagram would be neai'ly a sphere, like that for aluminum 
(fig. 32). 

The directional variation of the shearing modulus (G), as illus- 
trated by the diagram for alpha iron in figure 3^1-, is opposite to that 
of the tensile modulus. The maximum value of the shearing modulus is 
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in the direction of the cuhic axis (C), the minimum value in the direction 
of the octahedral axis (O) . The ratios of values of the shear modvilus in 
cubic and octahedral directions for the various metals ai’e very nearly 
the aarae as the correspondiiig ratios of the tensile modulus in octahedral 
and cubic dia-ectlons. When these ratios are considerably gi'eater than 1^ 
the production of preferred orientation vould cause a marked variation of 
Poisson’s ratio as obtained by the method described later in this report. 


3 . The Influence of Plastic Defoliation on Crystal Orientation 
of Face -Centered Cubic Metals 

An earlier report (reference 2) gave a comprehensive discussion of 
cylindrical and parallelopipedal defoimation of both face-centered and 
body-centered cubic single crystals and polycrystalline aggregates. In 
this report, discussion will be limited to cylindrical deformation of 
polycrystalline aggregates, that is, deformation in which equal percent- 
age changes occur in two dimensions and a necessarily opposite change in 
the third dimension. Such defoimation is produced by extension or draw- 
ing. 


Cylindrical defoimation of a polycrystalline aggregate of a face- 
centered cubic metal causes some of the crystals to assume octahedral 
[111] orientation and others to assume cubic [lOO] orientation along the 
specimen axis. Ettisch, Polanyi, and Weissenberg (references 19 and 20) 
thus found that hai'd-drawn wires of such metals have double fiber tex- 
ture. Sachs and Schiebold (reference 21), however, found that aluminum 
has almost entirely the octahedral [Hi] orientation. This conclusion 
was also verified by Schmid and Wasserman (referenence 22), who also 
found that the orientation textures of various face-centered cubic met- 
als differ only in the proportions of the [111] and [100] orientations 
along the crystal axis. Copper was found to be predominantly octahedral 
[ 111] , whereas silver was predominantly cubic [100] . Gold contained ap- 
proximately equal proportions of the two orientations. Greenwood (ref- 
erence 23 ) found cold-dravn nickel wires to have predominantly octahedral 
orientation. Cold-drawn monel iias a similai’ orientation. (See reference 
24.) 


Although the orientation of cold-worked l8:8 Cr-Ni steel has not 
been determined by X-ray methods, the results of the present investiga- 
tion suggest that it is predominantly cubic [100] . Such a conclusion is 
suggested by the appreciable rise of Poisson’s ratio (as discussed later), 
as obtained by soft-annealing the cold-drawn alloy (fig. 68), a treatment 
that would change the crystal orientation from preferred to rajidom dis- 
tribution. As will be shown later, cold-drawn nickel, aluminum-monel, 
and Inconel tubing, however, exhibit a marked drop in Poisson's ratio, 
with soft-annealing, probably owing to the removal of preferred [111] 
orientation. 
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4. The Influence of PJ.aetic Deformation on Crj’-stal Orientation 
of Body-Centered Cuhic Metals 

As shovn hy Ettisch, Polanyi, and Weissenherg (reference 19) aiid 
othei'B (reference 25), cold-drawn Iron gives preferred dodecahedral [110] 
orientation in the arial direction. Sv.ch orientation was produced on 
iron, iron- silicon, and iron -vanadium alloys hy drs-wing, or swaging plus 
drawing. (See reference 26.) Recr> staliizatioii would tend to reduce the 
amoimt of preferred orlexatation. 

The only hodj -centered cuoic laetal Included in this investigation is 
13*2 Cr-Ni steel. With sxtoiielon of the aniiealed alloy, the change of 
orientation from a random to a preferred [110] distribution would tend to 
produce oxii-j a small rise of the tensile nxodulixsj such a tendency is not 
dominant over the range of extensions in figure 43. For annealed open- 
hearth iron, as studied earlier in another project at this laboratory 
(reference 7)> the tendency to incjcease of the tensile moduJ.us with ex- 
tension was evidently small. Thus the effect upon the modulus of crystal 
reorientation is not 30 pronounced with body-centered cubic metals as 
with some face-centered cubic metals. A study of figure 33> together with 
the fact that the limiting extension of body-centered cubic metals is gen- 
era3.1y small, would account for the small influence of preferred orienta- 
tion on the mcdiilus of those metals. 


5. Influence of Plastic Deformation on the Tensile Modulus of Elasticity 
and Its Linear Stress Coefficient foi* Nickel Pod and Tubing 

The general rise of the tensile modulus Eg with extension of an- 
nealed nickel R-l4 (fig. 35) be attributed to the dominant iniluence 
of the change of crystal orientation from random to preferred octahedral 
[111] orientation parallel to the specimen axis. Such orientaticn is ob- 
tained with cylindrical defoncation of many face-centered cubic metals. 
The initial sharp drop of Eq may be attributed to dominance of the 
vxork- hardening factor. The subsequent sharp rise of Eq may be due in 
part to increasing internal stress, to which is attributed the initial 
rise of the Co cui’vo. The subsequent descent of the Cq curve is 
probably due to the dominant influence of lattice expansion. 

Kawai (reference 27) found an initial sharp drop of the tensile mod- 
ulus, followed by a slower rise, for nickel and copper. He erroneously 
attributed this initial di'op to increasing internal stress and the subse- 
quent rise correctly, at least in part, to preferred orientation. The 
effect of 3.attice expansion was not recognized in his work. 
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The variation of the tension modulus E, and its linear stress- 
coefficient Cq, with extension and cold reduction of tuting TR, is 

shown n.n figure 36. Proof stress curves for these specimens were given 
in figure 8. With extension of annealed nickel tuting TRF (fig. 38 a) , 

I3o first decreases sharply, and then rises to a maximum, within the 
first 2-percent equivalent re:duction. At gi'eater extensions Eq shows 
little variation; whereas ®g5 (the tension modiilus at 25,000 psi) ex- 
liibits a continuous rise. With cold reduction of nickel tuting (fig. 

36B) , the tension modulus exliibits a general rise. With slight extension 
of annealed nickel tuting, TRF (fig. 36ii), Co rises to a maximum at 
the same equivalent reduction at which Eq reached a maximum. With cold 
reduction of nickel tuting (fig. 38B), Co rises to a maximum at moder- 
ate reduction, decreasing theree.fter. 

The initial sharp drop of Eq with extension of annealed nickel tub- 
ing may be attributed to lattice expansion; whereas the subsequent sliarp 
rise of Eq and the rise of Co with initial extension may be attributed 
to dominance of induced Internal stress. The rise of Co with cold re- 
duction of nickel tubing probably is duo to the same cause. The general 
rise of the modulus E with extension or cold reduction probably is due 
to the dominant influence of production of preferred octahedral [ 111] 
orientation parallel to the specimen axis. The drop in the Co curves 
after moderate defoliation may be attributed to the effect of the lattice 
expansion. 

In many respects the forms of the E and Cq curves for extended 
annealed nickel tubing are qualitatively similar to those obtained for 
nickel rod. Such differences that appear to exist may be attributed to 
small differences in conposition, to the fonii of the test specimens, to 
the use of a number of tubular specimens and a single rod specimen, £ind 
to experimental variations. 


6. Influence of Plastic Deformation on the Shear Modulus of 
Elasticity and Its Linear Stress Coefficient for Nickel Tubing 

The variation of the shear modulus of elasticity with extension of 
annealed nickel tubing and with cold reduction of nickel tubliig is shoxm 
in figures h^A and 45B, respectively. Shear proof stress values for 
these specimens are given in figure I7. Values obtained for the fully 
annealed metal are plotted at zero equivalent reduction in both diagrams. 
The method of derivation of the shear modulus from the shear stress -strain 
and stress-set curves is similar to that employed in the derivation of 
tensile moduli. 
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The tensile modulus of n:1ckel tuMng (fig. 36) was derived for zero 
stross> and where possible, at 25,000 and at 50,000 psi. Nadal (reference 
28) has suggested that the stress-strain cur\e for a metal in pui’e shear 
can be derived from its stress-strain curve in tension, by multiplying 
tension stresses by l/(/3 &r.d tension sti’ains by 1.5» This relationship 
was derived for isotropic metals upon eextain assuD^^tions which ai’e open 
to question. As a first appi-cximation, however, it laay be applied to many 
other metals. Thei*efore, shear modulus va.lues were obtained at zero 
stress, and whei’e possible, at 14,450 and 28,900 psi. These modulus val- 
ues are to be utilized later in calculating Poisson's ratio for nickel 
tubing. 

With extension of annealed nickel tubing TRF (fig. 45A), the shear 
modulus of elasticity. Go, exhibits a sharp rise and decrease; at 
greater extensions little variation is noted. With increase of cold re- 
duction of nickel tubing (fig- 45B), the shear modulus G exhibits an 
initial increase, followed by a decrease. 

The f2.uctuations of the shear modulus with Initial extension must not 
be considered significant, owing to the sDUill stress range over which 
stress was measured. (See 0.1-percent proof stress, fig. 17A.) At greater 
extensions, however, where the stress range is greater, '•'.hare appears to 
he a balance among the various factors affecting G. With jnerease of 
cold reduction (fig. 45A) up to 30 percent, the shear mcluius rises, owing 
to the effect of induced internal stress. With suDseqLneiit co?Ld reduction, 
the decrease of the shear modulus may he attributed to tne cembined domi- 
nant ini'luence of lrA.ttice expansion and to the production of preferred 
[111] crystal orientation along the crystal axis; the reorientation factor 
vou.ld tend to cause a continuing decrease of the shear modulus, whereas it 
would tend to increase the tensile modulus. 

With extension of annealed nickel tubing (fig* the linear stress 

coefficient of the shear modulus has a zero value over nearly the whoj.e 
range; Co reaches a Liaximum with cold reduction of nickel tub- 

ing (fig. ^5B) and then decreases. The initial rise of Cq with cold re- 
duction may be atti*ibuted to the effect of induced Internal stress, the 
subsequent decrease to the effect of lattice expansion. 


7. Influence of Plastic Deformation on the Tensile and Shear Moduli 

of Elasticity for Monel, Aluminum-Monel, Inconel, and Copper 

Figure 37 shows the variation of the tensile modulus E and its 
linear stress coefficient Cq with extension of annealed monel rod 
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G-14. The tensile proof stress values for this specimen are sho™ in 
figui-e 9* E(j shows little variation, whereas 5 and Eg^ exhibit a 
gradual rise. Evidently the various factors affecting Eo are in near 
balance during such extension. The absolute values of the tensile modu- 
lus for monel, as would be exp>ected, are less than those obtained with 
nickel. The modulus- extension curve for nickel rod had exhibited a gen- 
eral rise (fig. 35) • 

The linear stress coefficient of the tensile modulus, Cq, for an- 
nealed monel G-l4 (fig. 37) exhibits a pronounced rise to a maximum during 
the first 10-percent extension, decreasing steadily thereafter. The rise 
is attributed to induced internal stress, the subsequent lowering to the 
dominant influence of lattice expansion. This Cq curve is qualitatively 
similar to that obtained on annealed nickel (fig. 35). 

With extension of annealed monel tubing TGE (fig. 38 a) both Eq and 
Ej 2 5 first decrease and then increase; both changes are slight. V/ith cold 
reduction of monel tubing (fig. 38B), the tension modulus increases slight- 
ly between 20- and 30"P©^oent reduction; Eq exhibits a small decrease at 

large reductions. Proof stress values for these specimens are given in 
figure 10. There evidently is a balance of influence of the various fac- 
tors affecting the tensile modu3.us. The influence of preferred crystal 
orientation on the modulus of monel rod or tubing is evidently not so pro- 
nounced as upon nickel rod and tubing. This difference is probably not 
due to a lesser degree of preferred orientation obtained with monel, but 
rather to a smaller directional variation of the modulus of the monel crys- 
tal. The linear stress coefficient of the tensile modulus, Cq, for 
monel tubing remains zero during extension (fig. 38^), but rises to a max- 
imum with 20-percent cold reduction (fig. 3^)^ decreasing thereafter. 

This rise is probably due to the dominant influence of induced internal 
stress . 

With extension of annealed monel tubing TGE (fig. 46A) the shear 
moduli of elasticity, Gq and 0-14^45^ both decrease. Go, G-i 4.4 b, 

Ggg^9 all rise with increase of cold reduction of monel tubing (fig. 46 b) 
from 10 to 20 percent and decrease continuously with further reduction to 
values below that obtained for the aruiealed metal. The initial rise with 
cold reduction of the shear modulus of monel tubing is ascribed to in- 
duced internal stress; the general decrease with extension and the subse- 
quent decrease with reduction may be attributed to the dominant influence 

correction of modulus values obtained from reference 2 was neces- 
sitated before plotting the corresponding diagrams in this report. Al- 
though diagrams showing the variation of the mod.ulus were qualitatively 
correct in the earlier report, use of an iimiortant errata sheet attached 
to that report is i*equired in order to obtain correct absolute values of 
the modulus. 
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of lattice expans5on, and prota’cly to a minor extent to the production of 
preferred octahedral [ill] crystal orientation. With extension of annealed 
monel tuhing, the linear stress coefficient of the shear modulus Cq (fig. 
46A) rises sharply and drops to zero within about 4g -percent equivalent 
reduction. With cold reduction (fig. 46B) Cq is zero for all grades ex- 
cept the monel cold -reduced 75 to 80 percent.. The high values of Cq 
give evidence of induced internal stress. 

The tensile modulus of elasticity^ Eq, for annealed aluminum-monel 
tubing TDD (fig. 39 a) exhibits an increase with small extension, whereas 
Ejs decreases, these values become nearly constant with further extension. 
E 50 exhibits a steady rise with extension of this tubing. Some rise of 
the 'tension modulus E is obtained for aluminum -monel tubing with increase 
of cold reduction from 40 to 60 percent (fig. 30B). No tubing was avail- 
able having reductions less than 40 percent. For the annealed aluminum- 
monel tubing, the linear stress coefficient of the tension modulus, Cq 
( fig. 39A), rise .'3 rapidly with extension. This rise, and the rise of Eq 
with extension, maj’’ both be attributed to induced internal stress. The 
eventual rise of E with severe cold reduction of aluminum -monel tubing 
is probably due to the production of preferred octahedral [ill] crystal 
orientation. 

V/ith increase in extension of annealed aluminum -monel tubirig TDD 
(fig. 47A), there is little variation of the shear modulus, G, With cold 
reduction of aluminum -monel tubing (fig. 47B), there is a continuous de- 
crease of the shear modulus. Evidently there is a balance of influence of 
the various factors affecting G during extension. The lowering of the 
shear modulus with reduction may be attributed to lattice expansion, and 
probably in part to the production of preferred octahedral [ill] crystal 
orientation. 

The linear stress coefficient of the shear modulus, Cq, exhibits a 
rise during extension of annealed aluminum-monel tubing, TDD (fig. 47A), 
owing to induced internal stress. With cold reduction (fig. 47B), the 
value of Cq remains small. 

With increase of extension of annealed Inconel rod, L-17.5 (fig. 40), 
there is a successive rapid rise and decrease cf the tension modulus Eq, 
followed by a slower rise. Egg and EgQ show a steady rise for prior 
extension greater than 4 percent. The initial rise of Eq is probably due 
to relief of internal stress, the subsequent decrease to lattice expansion. 
The eventual rise may be attributed to dominance of the production of pre- 
ferred octahedral [111] orientation along the specimen axis. A sharp rise 
of Cq is obtained during early extension, owing to induced internal 
stress, followed by a steady decrease, due to lattice expansion. 
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With extension of annealed Inconel tubing TID (fig. 41A), Eq rises 
shaiply to a maximum, and later approechee a constant va,luej Egg and 
®5 0 ^is© steadily from the low value measiored at smell extensions. With 
cold reduction of. Inconel tubing (fig. 4lB), the tension mcdxilus exhibits 
a sha.rp rise between 50- and 75-P©rcsnt reduction. Tubing cold-worhed to 
smaller reduction was not available. The value of the tension modulus 
for the laboratory annealed Inconel is larger than that obtained for the 
corresponding factory-annealed product TLA. This same relationship was 
also observed for alunLinum-moael tubing (fig. 39)- The linear stress co- 
©fficlsnt of the tensile modulus Co rises sharply with extension (fig. 
It-IA), owing to induced internal stress. 

With increase of extension of soft-annealed Inconel tubing TLD 
(fig. 48 a), there is a continuous decrease of the shear modulus. A con- 
tinuous decrease is likewise obtained with cold reduction of this metal 
(fig. 46 b). This general decx'ease may be attributed to the combined dom- 
inant Influence of lattice e:jq)ansion and to the production of preferred 
octahedral [111] crystal orientation along the specimen axis. With early 
extension of annealed Inconel (fig. 48 a), the linear stress coefficient 
of the shear modulus, Co, rises owing to the predominance of internal 
stress, and later decreases owing to the dominant effect of lattice ex- 
pansion. Factory annealed Inconel (TLA), (fig. 48B), gives a very high 
value for Co in shear. It has been sumnlsed that this high value may 
be attributed to the internal stress probably induced by the straighten- 
ing given this metal, following annealing. The value of Co decreases 
with cold work to zero at 75-percont reduction of area. 

In figure 42A is shovm a plot of the tensile modulus E and its lin- 
ear stress coefficient Co, with extension of annealed copper rod, N-6. 
The modulus at zero stress, Eo, exhibits an initial sharp decrease, fol- 
lowed by a slower rise at a decreasing rate. The dotted curve which is 
drawn through the mean positions of the experimental points would be par- 
allel to a basic curve devoid of the influence of extension spacings and 
rest intervals. The initial sharp drop of the modulus Eo may be attrib- 
uted to the dominant influence of lattice expansion. The initial rate of 
lattice expansion is high. During subsequent extension, the rise of the 
tensile modulus may be attributed to the combined dominant influence of 
induced internal stress and the production of preferred octahedral [ill] 
orientation. This diagram is somewhat similar to the diagram for nickel 
(figs. 35 and 36 ). 

The linear stress coefficient of the tension modulus, Co, exhibits 
a sharp rise, followed by a rapid drop at a decreasing rate, to a low 
value. The absolute values of Co, for copper, are appreciably greater 
than those obtained with the higher strength metals. This is evident in 
the greater curvature of the stress- strain lines and the greater initial 
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slope of the stress modulus lines. (See references 2 and 7*) Apparently, 
Induced internal stress is initially dominant in producing a rise of Co; 
whereas lattice expansion shortly becoimes dominant in causirig the subee- 
guent drop of Cq. This material is unique in giving cur-ved stress-modu- 
lus lines (not shown, see reference 2 ) throughout the range of uniform ex- 
tension. All the other metals tested gave curved stress -modulus charac- 
teristics (see figs. 6 and 35 for nickel) only over the early portion of 
the extension range. 

In figure 42B is shown the variation of Eo and Co with extension 
for cold-rolled copper K. The high value of Eo may be attributed to 
the preferred [ 111 ] orientation produced by cold rolling. Co is small 
and shows no significant variation. 


8 . Influence of Plastic Deformation on the Modulus of Elasticity 
and Its Linear Stress Coefficient for Stainless Steels 

Figure 43 shows the variation with extension of the tensile modulus 
of elasticity, and its linear stress coefficient, Co, for the annealed 
13:2 Cr-Ni steel rod specimen. The proof stress values for this specimen 
are shown in figure 15. An Eo curve drawn through the mean position of 
the points would descend at a decreasing rate, approaching a nearly hori- 
zontal position at the maximum extension shown (l4 percent). As the max- 
imum load was reached at slightly less than 7 percent (extension), some 
stress-strain and stress-set curves evidently were obtained after exten- 
sion beyond the beginning of local contraction. Since the reduced sec- 
tion did not have an abruptly curved contour and extended over an appre- 
ciable fraction of the gage length, determiimtion of the beginning of 
local contraction was difficult. The Eg 5 end E 50 cvirves followed 
co^a■•eee similar to the Eq curve. The linear stress coefficient, Co, 
exhibits an initial rise but varies little beyond this point. The Eq 
and Co curves generally oscillate in directions opposite to those of 
the proof stress curves - that is, low values generally follow short rest 
intervals . 

The work- hardening factor apparently dominates in causing the lower- 
ing of Eo with extension. Any preferred orientation which might occur 
during extension of this specimen of body-centered cubic metal would like- 
wise tend to raise the modulus; the orientation produced during such small 
extension, however, would be expected to be negligible. The initial rise 
of the Co curve is probably due to the dominant iiifluence of increase of 

internal stress. 

With increase of extension of annealed l 8:8 Cr-Ni steel specimen 
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IM-I8.3, the tension modulus Eo (fig* *i-^) shows ein initial slight rise 
during the first 5 percent of extension, followed hy a steady and somewhat 
rapid decrease throughout the remainder of the extension range. The modu- 
lus exhibits a steady drop; whereas E^^ rises slowly during the 

first 20-perceat extension, and then decreases. The linear stress coeffi- 
cient, Co, exhibits a rapid rise during the first 15-percent extension, 
followed by a gradual decrease. 

The initial rise in the Eq and Cq curves may be attributed to a 
pi’edominant influence of increasing intemal stress, the subsequent de- 
crease of the modulus may be attributed in part to lattice expansion. 

Some of this decrease, however, may be due to the production of preferred 
orientation. Unlike the other face-centered cubic metals, deformation of 
this ferrous alloy is believed to produce a predominantly cubic (100] 
orientation in the direction of the rod axis. Such orientation would tend 
to lower the tension modulus. Slight prestretching of cold-worked speci- 
mens, however, generally produces a lowering of the tensile modulus, owing 
to relief of internal stress. 

In another investigation conducted in this laboratory (reference 7) 
a study was made of the effect of prior plastic extension on the tensile 
modixlus of elasticity and its linear stress coefficient, Oq, for low 
and medium carbon steels. It was found that an initial rise of the mod- 
ulus and Co is sometimes obtained with extension owing to Induced in- 
ternal stress. Subsequent deformation causes little variation or even a 
Eiaal3. decrease of the modulus (except for a slight rise for the 0.20- 
percent carbon steel); the lattice expansion factor thus becomes dominant. 
Evidently the change from random to preferred orientation produced at 
large deformations of these steels has a small, if any, elevating effect 
upon the modulus. The lowering effect of lattice expansion is generally 
dominant . 

Figure 49 shovxs the variation of the shear modulus of elasticity G 
and its linear stress coefficient Co, with prior extension of annealed 
18:8 Cr-Ki steel tubing, TC-I9. With increasing extension, G decreases 
almost continuously over the range shown. The linear stress coefficient, 
Co, is zero except at an extension of 5 percent; no significance should 
be attached to this single small value. The continuous decrease of the 
shear modulus G, with extension, may be attributed to the dominant in- 
fluence of lattice expansion. 


9. Influence of Plastic Deformation on Poisson’s .Batio for Metals 

From measured tensile and shear modulus values for a metal an effec 
tive value of Poisson’s ratio, p, may be calculated according to the 
equation; 
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. = 1-1 (fi> 

where E and G are the tension and shear moduli^ respectively. (See 
reference 29.) If the metal is isotropic this value will be eq.ua! to 
Poisson's ratio, as commonly determined from the ratio of unit lateral 
contraction to extension, under tensile loading. 

For the purpose of measuring the relative influence upon tensile and 
shear moduli of such variables as plastic deformation and annealiiig tem- 
perature - tliat is, to detect any changes in isotropy of the metal - the 
use of such a calculated effective value may have eextain advantages over 
that obtained by simultaneous extension and contraction measurements. 

Figure 59 shows the variation of the tensile modulus E, the shear 
modulus G, and Poisson’s ratio n, with extension and cold reduction 
of nickel tubing. Tho modulv.s curves have been dra‘/m through the mean 
positions of the eaperimental points as obtained from figures 36 and 45; 
these curves are used in deriving Poisson's ratio. The abscissa scale is 
plotted as oq.ui valent reduction of area. -In figure 59A are plotted values 
obtained with extended annealed nickel tubing; in figure 59® plotted 
values obtained with cold- reduced nickel tubing. 

With extension up to 10 percent, annealed nickel tubing TEF shows 
little variation of Poisson’s ratio. With cold reduction of nickel tub- 
ing (fig-. 59®) > PKiall decrease in p is obtained at intermediate reduc- 
tions and a marked rise is obtained at large reductions. During exten- 
sion, the various factox’s apparently affect tensile and shear modulus val- 
ues proportionally. The difference in effect of the reorientation on the 
tensile and shear moduli accounts for the eventual large rise of Poisson’s 
ratio with cold reduction. 

Figure 60 shows the variation of the tension modulus E, the shear 
modulus G, and Poisson’s ratio with extension and cold reduction 

of monel tubing TG. With increase of extension (fig. 6OA), Po 
rise . This rise may be attributed partly to the directional influence of 
the internal stress and probably in part to the effect of the reorienta- 
tion factor, however, owing to the less rapid initial rise of Poisson’s 
ratio with cold reduction of monel tubing, as indicated in figure 6OB, . 
the reorientation factor is believed to influence the rise of p with 
extension only to a minor degree. 

With cold reduction of monel tubing (fig. oOB), Poisson’s ratio 
reaches a minimum at intermediate reductions of ai*ea; this decrease is 
small and should not be considered significant. No single factor appeal’s 
to dominate in this range. V7ith further cold reduction Po s-nd P5Q 
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rise rapidly, owing to the production of preferred octahedral [111] orien- 
tation along the specimen axis, which tends to increase the tensile mod- 
ulus and decreasG tlie sheai’ iaod\ilus. The jniluence of this reorientation 
factor was nob ev.'’ldent in the variation of the tension modulus E for 
monel tubing (fig. 3?') oud monel rod (fig. 37). Lattice expansion is be- 
lieved to. affect tensile ajid shear moduli similarly; it therefore is 
Isotropic in its effect and would not influence u. 

With prjor extension of annealed aa.uminum.-monol THD (fig. 61A) and 
annealed Inconel TID (fig- 62A) tubing, there is a rise in Poisson's 
ratio, probably because of the directional inn.uence of internal 

stress and possibly also because of rsorientation. With increase in the 
cold reduction of aluminum-monel, TE (fig. 61B) and Inconel TL (fig. 62B) 
tubing, Poisson's ratio ir for these metals exhibits a steady rise. 

This rise may be attributed to the production of preferred [111] crystal 
orientation. Since tubing having intermediate cold reductions was not sup- 
plied in these two compositions, the variation of Poisson's ratio within 
this range of cold work could not bo aeceidiained . 

Attention will now >>e given to the range of numerical values of u 
obtained with nonferrous metals. For the unextended, leboratory-annealed 
metals, the derived va.lue of Poisson’s ratio ranges from 0.33 to 0A2, 

For annealed metals extended about 10 percent (9.1-percent e<iuivalent re- 
duction), the values range from O.38 to 0.52. Factory- annealed aiuminum- 
monel arid Inconel gave values of 0.3^ and 0.28, respectively. At inter- 
mediate cold reductions, values as low as 0,3^ were obtained; whereas at 
greater cold reductions the values ranged from 0.40 for monel tubing to 
0.51 for Inconel tubing. Minor fluctuations cf this ratio might be at- 
tributed to the experimental error of measurements. 

Poisson's ratio obtained by measuring the ratio of unit lateral con- 
traction to unit longitudinal extension for an elastic isotropic metal 
will be foimd to be about 0.3. (See reference 30.) Such a mote-l, there- 
fore, will expand In volume under tensile stress. A value of 0.5 obtained 
from such measurements would indicate that no volume change was obtained 
by extension 4 Lead, with a meas’Oi-ed value for u of 0.45, approaches 
this condition. In the present tests, however, where Poisson's ratio iS 
calculated in terms of measured values of tension and shear elastic moduli 
of structural metals, an appreciable deviation of the effective vaj.ue of 
Poisson’s ratio from that obtained for the annealed metal would indicate a 
corresponding degree of anisotropy of the metal. (See reference 30») 

Thus, with extension of einnealed tubing, and with cold reduction, produc- 
tion of anisotropy is indicated by the rise of the values of Poisson’s 
ratio obtained. It would be expected that the metals became anisotropic, 
owing to the production of preferred orientation, and to the production of 
internal stress having directional properties. Likewise, a removal of 
anisotropy is obtained with soft annealing. 
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From values of tlie shear modulus ottained upon l8:8 Cr-Wi steel tub- 
ing, TO, and the tension modulus obtained upon l8;8 Cr-Wi steel rod, 

DM, values of Poisson* s ratio were calculated by use of eQ.uation (6). It 
was then possible tc detexmlne the variation of Poisson* s ratio with ex- 
tension of the soft-annealed alloy. 

Figure 63 shews the variation of the tension modulus E, the shear 
modulus G, and Poisson’s ratio u with extension of annealed l8:8 Cr-Wi 
steel. The modulus curves are faired through the mean positions of the 
expei’imental valxies obtained from earlier tests (not shown, see figs. 44 
and 49, respectively) . Vlth increase of plastic extension, u rises from 
an initial value of 0.32 reaching a constant value of 0.40 after an exten- 
sion of about 12 percent. The values of ^35 s^nd are almost con- 

stant over the observed range of pi’ior extension at about 0.32 and 0.24, 
respectively . 

The Initial rise of u with extension coincides with the initial 
rise of Eg* This rise was attributed to the influence of residual inter- 
nal stress. That such a rise is not evident in the curve of Gg may be 
attributed to the difference in directions of the principal shear stress 
during prior extension and during torsion testing. This difference woui.d 
not exist for tension testing. Thus, the internal stress induced is 
anisotropic in its influence upon subceq.uently measured elastic proper- 
ties. With appreciable increase in stress during such testing, the resid- 
ual internal stress would become negligible in coB^'a-rison with the applied 
stress, or it msy become relieved. The evidence of elastic anisotropy 
would then disappeai’, as indicated by the lower values obtained for Mg 5 
and U50. Such wide variation of m with stress, which indicates a di- 
rectional influence of the internal stress , may also be noted in the dia- 
grams for extended monel (fig* bO), aluminum-monel (fig, ol^ and Inconel 

(fig. 62) . 

VII. IWFLUEWCE OF AWWEALIWG TEMPEEATURE OW TEE MODULIB OF 

ELASTICITY OF 14ETAJLS 


Attention will now be given to the variation of the tensile and shear 
moduli of elasticity and their linear stress coefficients with the temper- 
ature of annealing. From stress -strarn and sti’ess-set curves obtained on 
specimens annealed at various values were obtained of the 

modulus of elasticity at zero and at elevated sti’esses, and of its linear 
stress coefficient, Cg. 
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1. Influence of Annealing Tempeiature on the Modulus of Elasticity and Its 
Linear Stress Coefficient for Cold-Worked Nonferrous Metal Eod and Tuhlng 

Figure 50A shows the variation of the tensile modulus of elasticity 
and its linear sti’ess coefficient, for cold-di'’awn nickel rod (E) specimens 
anxiealed at various temperatures, the proof stress values of which are 
given in figure 23A.. 

There is little variation of the modulus for annealing temperatures 
ranging between room temperature and 1100° F. At higher temperatures, 
there is a marked lowering of the modulus. The linear stress coefficient 
of the modulus, Co, decreases with increase of annealing temperature, 
and the value is zero for temperatures of 700° F and greater; this means 
that the modulus does not vary appreciably with stress for annealing tem- 
peratures above 700° i’. 

The horizontal course of the modulus curve throughout the lower tem- 
perature range may be attributed to a balance of influence of the several 
factors affecting this pi-operty. The sudden drop of the modulus within 
the recrystaUization range (above 1100° F) laay be attributed to the com- 
bined dominant influences of relief of internal stress and the change of 
crystal orientation from preferred octahedral [111] along the specimen 
axis to a random distribution. 

Figui’e 51A shows the variation of the tensile modulus of elasticity 
E and its linear stress coefficient, Co, with annealing temperature for 
cold-reduced nickel tubing TEE. Proof stress curves for these specimens 
are given in figure 24B. With increase of annealing temperature up to 
about 1100 F, the tensile modulus shoves little change. With increase 
above 1100^^ F a marked decrease of the modulus is found, probably duo 
largely to removal of preferred orientation. A high value of Co is 
obtained at an annealing teii5)erature of 1200° F, low values being ob- 
tained at all other temperatures . The reality of the high value of Co 
may be questioned, since the stress range over which strain is measured 
is small (see fig. 24B), thus lowering appreciably the accuracy of deter- 
mining this index. The variation of the modulus with aimealing tempera- 
ture for cold-reduced nickel tubing is simi3.ar to that obtained for the 
cold-drawn rod. The modulus values obtained with the tubing are somewhat 
greater than with the rod, owing probably to the greater degree of cold 
work and hence a greater amount of preferred orientation, obtained with 
the tubing. 

In figure 55A are plotted values of the shear modulus and its linear 
stress coefficient Cq, obtained upon the tubular nickel specimens an- 
nealed at various ten^eratures . Proof stress values for these specimens 
are plotted in figure 28B, With increase of ant-ealing temperature, the 
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shear modulus G exhibits a small sharp rise between 1100 and 1200 F, 
followed by a larger drop with fui’ther increase in temperature. Possibly 
the sharp rise is due to lemoval of preferred orientation; the subsequent 
drop cannot be explained. However^ for the l400*^ F annealing tenpex’ature, 
the sinall range of stress over which strain is measured (see 0,1-percent 
proof stress^ fig. 28 b), does not permit an accurate determination of the 
shear modulus. The several factors affecting E are in apparent balance 
for annealing temperatures below 1100^ F . There is no regular variation 
of the linear stress coefficient of the shear modulus, CQ/ with increase 
of annealing temperature; the magnitude of CO is genei’ally small. 

With increase of the temperature of annealing cold-drawn monel rod-G 
(fig. 52A), up to 1100° F, there is little variation of the tensile modu- 
lus Eq; a small drop of the modulus cccui’s at higher temperatures. ^5# 
Ego, and Etoo ^ise rapidly with tempeiature from low values obtained 
with the cold-drawn metal (100° F), nearing the value of Eq at 65O F. 

Proof stress values for these specimens are given in figure 23B. With 
increase of the temperature of annealing cold-reduced monel tubing TGD 
(fig. 53A), the modulus E shows little variation over the whole range. 
Proof stress values for these specimens are given in figure 24A, Evi- 
dently the several factors affecting the tensile modulus, Eo^ are in 
approximate balance with elevation of the annealing temperai/Ure. The high 
value of Co for both cold-drawn red (fig. 52A) and cold-reduced tuhing 
(fig. 53A) is commensurate with the wide spread of modulus values for 
these metals . Cq decreases rapidly with elevation of anneaj.ing tempera- 
ture. This decrease may be attributed to relief of internal stress. 

With increase of annealing temperature for cold-reduced monel tubing 
TGD (fig. 56), the shear modulus G shows little variation with ejineal- 
ing temperature, indicating that the various factors are in approximate 
balance. With increase of annealing temperature the linear stress coeffi- 
cient of the shear modulus, Co, oscillates about low values, reaching 

zero at l400° F. 

With increase of annealing temperature, the tension modulus E for 
cold-reduced alumiinum-monel tubing THC (fig. 53B) rises gradually, reach- 
ing a TTflYiTtiiiTn at 1075° F. At higher temperatures Eo decreases. The 
initial rise of E is due to the dominant influence of relief of work- 
hardening effects; whereas reorientation occurring during recrystalliza- 
tion produces the subsequent lowering of the modulus. A high initial 
value" of the linear stress coefficient of the tension modulus, Cq lor 
the cold-reduced motal (100° F) is cemmens^oratG with the large variation 
of the tension modulus with stress; both indicate the presence of inter- 
nal stress. With increase in temperature Co decreases owing to in.,er- 
nal stress relief . 
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With increase in the temperature of annealing aluminum- monel tubing 
(fig. 57 )> I'be shear modulus of elasticity, G, exhibits a gradual rise. 
This rise may be attributed to the combined dominant influence of the re- 
moval of lattice expansion effects, and to recrjstallizatlon. The linear 
stress coefficient of the shear modulus Co for alxuuimua- monel tubing 
exhibits a general decrease vith increase of annealing temperature, owing 
to i-elief of internal stress; the absolute value is small. 

Figure 5OB shows the variation of the tensile modulus E and its 
linear stress coefficient, Co, with the temperature of annealing cold- 
drawn Inconel rod L; the proof stress values for this specimen are 
given in figure 26A. Setting aside temporarily the values obtained in 
the early tests on cold-drawn rod, there is indicated a gradual rise of 
the tension modulus with increase of annealing temperature up to 1100*^ F, 
followed by a rapid decrease to values somewhat below that for the cold- 
drawn metal. The gradual rise may be attributed to the doxainance of re- 
lief of lattice expansion, the subsequent lowering to recrystalllzation, 
that is, reorientation from a preferred to a random distribution. 

The linear stress coefficient of the modulus, Cq (fig. 50B), gives 
generally low values over the whole tengjorature range (ignoring results 
of early tests), except for a single high value at 1^50° F. No great 
significance should be attached to this single high value, considering 
the small stress range over which strain was measured on this specimen 
(0.1-percent proof stress, fig. 26 k). 

The high value of Eo and Co and the associated large variation 
of the modulus with stress, as obtained in the early tests on cold-drawn 
Inconel L (fig. 50B) indicate a dominant Influence of the contained in- 
ternal stress. As noted above, the specimens tested later, both cold- 
drawn and annealed, exhibited lower values of Cq, indicating a reduced 
amount of internal stress . 

In review, when severely cold-drawn Inconel is permitted to rest a 
long period (in this case, over 3 years) both relief of internal stress 
and some softening occurs . Internal stress relief dominates in raising 
the lower proof stresses and in lowering Eq and Cq. Softening, or 
relief of lattice expansion, dominates in decreasing the upper proof 
stresses. Subsequent annealing within the stress-relief annealing range 
causes further internal stress relief vxhich dominates in raising all 
proof stresses and also causes further relief of lattice expansion, 
which dominates in raising the modulus. 

With increase of the ten5)erature of annealing cold-reduced Inconel 
tubing TLC up to 1100° F the tensile modulus E rises gradually owing 
to the dominant effect of removal of lattice expansion. With further 
increase of tenperature, the modulus drops rapidly, owing to 
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recr;y8talli nation, or removal of preferred orientation. The linear etross 
coefficient of the tension modulus, Co, is small, and shows no signifi- 
cant variation with terapeiature . 

With inci-ease of the teiiiperature of annealing cold-reduced Inconel 
tutlng TLC (fig. 55B), there is obtained a gradual elevation of the shear 
modulus owing to the combined dominant lnf3.uence of relief of lattice 
expansion and recrystallization. The linear stress coefficient of the 
shear modulus, Co, is small over the whole annealing temperature range 
for Inconel (fig. 55B) and shows no regular variation. 


4 Influence of Annealing or Temperin?g Ten^jerature on the 
Modulus of Elasticity of Stainless Steels 

Figure 52B shows the variation of the tension raoclulus E and its 
linear stress coefficient Co with tempering teim)erature for air-hardened 
3-3 *.2 Cr-Ki steel; the proof stress values for these specimens are shown in 
figure 26 b. For air-cooled and furnace-cooled specimens, these variations 
are slight. Apparently, no single factor is dominant in this range. Sin- 
gle high values of Fo ‘ind Co are obtained, however, for the as-received 
metal. Since this metal had been hot-rolled prior to the "annealing" 
treatment, evidently some of the deformation texture remained. It is be- 
lieved such a texture would contain dodecahedral [ 110] orientation along 
the specimen axis. Heating up to 1750° would cause coii5)lete recrystalli- 
zation, and thus give a lower value of the tension modulus and its linear 
stress coefficient. 

The tension modulus of elasticity of half-hard l8:8 Cr-Ni steel rod, 
M4, rises with increase of annealing ten^erature (fig- 5^A) over the 
range indicated. Proof stress values for these specimens are shown in 
figure 27A. Evidently, relief of lattice expansion dominates over the 
entire range in causing this rise of E. Some of this rise, however, may 
be due to a change of crystal orientation from predominantly cubic to 
rand.om distribution. The 44-hoiu:* annealing time at 482° F did not cause 
any significant change of Eq or Cq fi‘om the values obtained upon the 
specimen annealed l/2 hour at F . 

Figure 54B shows the variation of the tensile modulus E, and its 
linear stress coefficient, Cq, with annealing temperature, as measured 
at -110° F (-78.5° C). There is a general increase of the tension modu- 
lus with annealing teng^erature, similar to that obtained in figure 54A 
at room tenroerature . The modulus values measured at low temperature, 
however, ara somewhiit higher than the room temperntm-e values, over the 
entire range. Somewhat greater values of the linear sti'ess coefficient 
of the modulus were obtained at low temperatures; the absolute values of 
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Co in figures 54A and are small so that their apparent variations 
cannot be considered sigi.iif icant . A similar variation of the tension mod- 
ulus T'Tlth annealing terperature, and with lowering of test tempei’ature, 
was also obtained with severely cold-dra\m 18;8 Cr-Ni steel rod. (See 
refei'ence 3 • ) 

Figiu’e 58 shows the variation of the shear modulus of elasticity, 

G-, and Its linear stress coefficient, Co.» with the teniperatiire of an- 
nealing 18:8 Cr-Wi steel tubing, TC. There is an almost continuous in- 
crease of the modulus with temperature, over the I’ange ohoTO, owing to 
dominance of relief of lattice eapansion. Considerable fluctuation of 
the value of Cq is obtained; the magnitude of these values, however, is 
small, and thus cannot be conaid.ered significant. 


5 . Influence of Annealing Temperatui’e on Poisson's Patio 

for Various Metals 

It will also be of interest to consider any changes in Isotropy of a 
work-hai’dened metal caused by variation of annealing temjperature . Such a 
study is obtained by calculating Poisson's ratio, from corresponding 
curves of variation of tensile and shear moduli with annealing tempera- 
tiire . 


Figure 64 shows the variation of the tension and shear moduli and of 
the derived value of Poisson’s ratio p, with the temperature of anneal- 
ing cold-reduced nickel tubing, THE. Values obtained with fully annealed 
nickel tubing TPF are also used in plotting these curves. Experimental 
modulus values were replotted from figures 51A and 55A. Smooth curves are 
faii'ed through the mean positions of the eaperlmental points. 

Poisson’s ratio p for nickel shows negligible variation with in- 
crease of annsaling temperature up to 1100'^ F. Above this temperature, p 
decreases rapidly. This decrease may be attributed principally to the 
change of crystal orientation from a preferred to a random distribution. 

Figure 65 shows the variation of the tensile modulus E, the shear 
modulus G, and Poisson’s ratio, p, with annealing temperature for 
cold-reduced monel tubing TGD. The modulus curves are reproduced from 
figures 52A and 56 , respectively. With incx’ease of annealing temperature, 
Poisson’s ratio first decreases, and then increases. The actual variation 
is small and may be within the limits of experimental error. There evi- 
dently is an approximate balance between the various factors that influ- 
ence Poisson’s ratio. The maximum cold work imparted to this ur.annealed 
tubing was not so great as that iniparted to other metals. 
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Poireon's ratio for cold-reduced aluminum-nonel (fig. 66) and Inconel 
(fig. 67) tv-tJ.ng varies with arineallng temperature in a mE'oner elmilar to 
tiiat for nickel tuhing (fig. 64) . This properti^ shows little change with 
increase of aimealing temperature up to llCO'^ F . For higher annealxng 
tenrceratures^ u for these laetaia drops rapidly owing to the remo'/al of 
preferred orientation. Both of tlese metals had heen severely co?.d- 
reduced (table 3) before anneeling and tiesting. 

Figui'e 68 shows the variation of the tension modulus F, the shear 
modulus G, and Poisson's ratio a with the temperature of annealing 
cold-drawn l8:8 Cr-Ni steel. The modulus curves are faii'ed through the 
mean positions of the points obtained in aexlier tests. \See figs, jh 
and respectively.) 

With increase of annealing temperature from room tempexviture to 
1000*^ F, there is no significant variation of or Uso; the so two 

curves a2*e nearly coincident. With f-uiihor increase, Uq rises from, a 
value of 0.22 to about 0.3I at l&OO^ F. The relief of internal stress 
which occurs in the lower tenpert-ture range obviously dees not affect 
Pcieeon's ratio. The intexnai stress induced by cold drawing apparently 
is isobronic in its effect; In cold- drawing tubing and rod, the directions 
of the planes of majcimTim shear will tend to be widely distributed. 

The eventual rise of p with annealing temperature is attributed to 
another cause. After severe cold deformation of 1818 Cr-Hi steei red, as 
obtained with the cold-drawn alloy, the low value of Eo (fig* 5 ^a; can 
be attributed in part to the production of preferred cubic [100] orienta- 
tion parallel to the specimen axis, such as occurs in some face-centered 
cu.bic metals. A low value of the shear modulus is not obtained with cold- 
drawn stainless steel tubing. (See fig. 56.) Hence, Poisson" s ratxO for 
cold-drawn alloy will be lower than the value obtained with annealed 
alloy. Therefore, recr^^etallization of the cold-drawn alloy should in- 
crease the value of PoieBcn*s ratio. It was shown earlier that Poisson's 
ratio for cOa.d-woiked nickel, aluminum-monel, and Inconel tubing decreases 
within the recrystallization range; in these metals cold work produces 
preferred octahedral [111] orientation along the specimen axis. 


CONCLUSIONS 


The fol3.owing conclusions apply to all the metals tested, except as 
indicated. . 

1. An incomplete view of the tensile elastic properties of a metal 
is obtained by considering either the stress-strain or stress- set rela- 
tionship alone . Consideration should be given to both rexat j onships . 
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2. In a study of elastic properties^ consideration should be 
given to the time schedule followed dui’ing test. In the present in- 
vestigation, measurements were made only after holding each load for a 
period of 2 minutes. This pemiitted the positive or negative creep to 
reach a very low rate, enabling both accurate, and sensitive strain and 
set measurements to be made. 

3. Positive and negative creep occur during cyclic stressing of a 
specimen, even when well within the elastic limit of the metal, so as to 
give stress- strain characteristics of the foimi of hysteresis loops. The 
permanent set produced during each cycle, which prevents closur'e of the 
loop, diminished with continued cyclic stressing over a fixed load 
range; there is an accompanj^ing decrease of loop width. Permanent set 
and loop width may be teD^Jorarily increased by increase of prior rest 
Interval or cycle time* Complete closure of hysteresis loops would be 
expected only after many thousands of stress cycles. 

4. The making of successive stress-strain and stress-set cui’ves up- 
on a single specimen, with intex'vening extension spacing and rest 
intervals, gave elastic property values much influenced by these two 
variables. A plot of any one of these elastic properties verstis 

total extension often gave curves having manj" wide abrupt oscillations 
superposed upon more gradual wave like ciirves. The wide oscillations 
are generally associated with variation of the rest intervals and the 
extension spacing, which greatly affect the positive and negative creep 
-and the amounts of induced internal stress. The forma of the more 
gradual basic curves are deteimined by certain fundamental factors 
enumerated below. 

5. With extension of sof t-tmnealed metals, the basic tensile or 
shear proof stress-extension curves exhibited either an initial de- 
crease or a slow rise, followed at greater extensions by a steeper rise. 
The most rapid initial decrease tends to occur in the curves correspond- 
ing to the smaller values of set; the subsequent rise is most rapid in 
the curves corresponding to the larger values of set. The general tend- 
ency of the basic proof stress-extension curves to rise because of the 
lattice expansion or work hardening is initially diminished, or over- 
come, by the lowering effect of the induced internal stress. The curves 
obtained with annealed tubing in both tension and shear, are devoid of 
much of the oscillation observed in the other curves, because these data 
were obtained by single tests upon a number of specimens which had each 
been extended a different amount aftei- annealing. 

6. Rest, following extension, tends to cause some slight lowering 
of the tensile proof stresses for the metals tested. This decrease is 
attributed to a dominant effect of a slight softening of the metal. 

This effect was quite evident after a 3-year rest period given some cold- 
drawn Inconel rod, after delivery. 
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7. The domimrit effect of annealing of cold-vorked metals at inter- 
mediato temperatures is an increase of tensile or shear proof stress 
due to relief of Inteiaial stress. This factor has the greatest effect 
on the proof stresses corresponding to the lower values of set. 

Annealing at higlier temperature produces relief of lattice expansion, 
and consequently a lowering of all proof stresses. 

8. The tensile or shear modulus of elasticity may ho derived from 
tensile or shear stress-strain lines, corrected for permanent set. Since 
the elastic moduli of many metals vary with stress, it is convenient to 
derive the linear stress coefficient Cq, of the modulus at zero sti’ess, 
and moduli at various values of sti'ess. In order to determine the modu- 
lus of elasticity more accurately, the corrected values of strain may be 
plotted as deviations from a fixed modulus upon an OTJcn scale . From the 
five proof stresses corresponding to permanent sets of 0.001, O.OO3, 

0.01, 0.03, and 0.1 percent, from the modulus at zero stress ;and at one 
or- more elevated stresses, and from the linear stress coefficient, Cq, 
it is possible to obtain a fairly good picture of the elastic properties 
of a metal in either tension or shear. 

9. With increase of extension of an annealed metal, the variation 
of the tensile or shear modulus is determined by the relative influences 
of throe factors; namely, internal stress, lattice eapjaueion, and crystal 
reorientation. With variation of the temperature of annealing a cold- 
worked metal, the modulus is likewise dependent upon the relative influ- 
ence of these three fundamental factors. Such influence will differ for 
the several metals tested. 

The various metals differ somewhat in the form of the curves ob- 
tained showing the variation of the modulus with extension, cold reduc- 
tion and annealing teagjerature . Such tension and torsion modulus curves 
for a single Eietal are likewise not similar in form. 

10. With extension of annealed nickel rod or tubing or copper rod, 
the tension modulus, Eo, initially decreases sharply to a minimum, 
rising at greater extensions at a gradually decreasing rate, /ifter 
appreciable deformation, as obtained with cold reduction of nickel tub- 
ing, a more pronoimced rise of the tensile modulus occurs. 

With tensile extension of annealed monel rod or tubing, or with 
cold reduction of monel tubing, the tension modulus Eg shows little 
variation. Likewise, little variation of Eg is obtained with exten- 
sion of annealed Inconel tubing. With initial extension of aluminum- 
monel tubing. Eg is found to rise sharply, with no appreciable varia- 
tions occurring at greater extensions . With extension of annealed 
Inconel rod. Eg rises sharply and then decreases more gradually, ris- 
ing again slightly only at large extensions. 
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At large cold reductione of ‘both altaninvm-monel and Inconel tubing, 
a sharp rise of the modulus, Eq, is obtained. 

11. With extension of annealed 13:2 chromium-niclcel steel rod, the 
tension modulus Eq decreases gradually, reaching a minimum at beginning 

local contraction. 

With extension of annealed l8;8 chromium-nickel steel rod, Eq, 

initially rises slightly to a maximum, and then decreases at a fairly 
constant rate over the remaining range of imlform extension. 

12. With extension of annealed niclcel and aluminum-monel tubing, the 
sheai* modulus, Gq, shows little variatj.on. V/ith extension of annealed 
monel, Inconel, and 13;8 Gr-Ki steel tubing, Gq decreases steadily. 

With increasing cold reduction of monel and nickel tubing, Gq rises 
to a maximum at intertaediate reductions and thon decreases at greater re- 
ductions. With increasing cold reduction of alumimm-monol and Inconel 
tubing, a steady decrease of Gq is evident. 

13 . With increase of the temperatui’e of annealing cold-worked nickel 
or monel rod or tubing, over the stress- relief annealing range, there is 
obtained little variation of the tension modulus Eq* Over a similar 
temperatiare range, the tension modulus Eq, for cold-reduced Inconel rod 

and tubing, and aluminum-monel tubing rises. Within the recrystallization 
range, however, Eq decreases somewhat for all the above metals except 

monel tubing. Higher values of Eq are obtained with factory- annealed 
than laboratory- annealed tubing. 

Air-hardened 13:2 Cr-Ki steel exhibits little variation of the ten- 
sion modulus, Eq, with tempering temperature. These values are some- 
what less than obtained with the factory-annealed metal. With increase 
of the temperature of annealing cold-drawn 18:8 Cr-Ni steel, the tension 
modulus increases at a steady rate. 

14. Little variation of the shear modulus Gq is obtained with 

increase of the ten^^eratare of annealing cold-reduced nickel and monel 
tubing. A steady rise of Gq is obtained, however, with increase of the 
temperature of annealing cold- reduced aluminum-monel. Inconel, and 18:8 
Cr-Ni steel tubing. 

15 . The linear stress coefficient of the tension modulus, Cq, for 

annealed nickel, aluminum- monel, and Inconel rod and tubing and for 
annealed monel and 18;8 Cr-Ni steel rod rises to maximum, and then 
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deci'ea(3es, duiing oxtension. With extencion of monel tubing and 13^2 Cr- 
IJi Fjteel rod, no significant vai’iation of Cq occurs. With extension 

of ,'innealed copper rod^ Cq drops rapldi.y to a small value. With cold 
reduction of monel and nickel tuMiig, Cq rises to a maxiiavm at inter- 
mediate reductions, and then decreases. 

16. The lineal- stress coefficient of the sheai- modulus, Cq, rises 

to maximum values with extension of .annealed nickel, monel, aluminum- 
monel, and Inconel tubing. Wo significant variation of Cq is obtained 
v;ith cold reduction of these motals. 

17. With increase of the temperature of aiuiealing nickel and monel 
rod and monel and, al-uminimi-monel tubing, there is obtained a decrease of 
the linear stress coefficient of the tension modulus. This decrease 
obviously corresponds to a decrease in variation of the tension modulus 
with stress. 

With increase of the temperature of atmealing monel and aluminum- 
monel tubing, the linear stress coefficient of the shear modulus like- 
wise dec.reases. The diagrams for the remaining metals show no significant 
variation of these coefficients with annealing temperature. 

18. An increase of internal stress tends to produce a rise of the 
tension .and. shear moduli at zero stress for metals. It evid.ently is domi- 
nant during Initial extension of annealed aluminum-monel tubing and an- 
nealed Inconel rod, in causing a rise of Eq. It probably also is domi- 
nant in pi’oducing the rise of Eq and Gq with ii,itermediate cold re- 
duction of nickel and monel tubing. It likewise is dominant in affecting 
a rise of the linear stress coefficients of tensile and shear moduli 
during initial extension of a number of the metals tested. The wide varia- 
tion of the tension and shear modtili with stress, and the associated large 
values of Cq obtained, upon some unannealed cold-worked metals may be 

associated with the presence of internal stress. The high values of .Eq 

obtained upon factory- annealed aluminum-monel and Inconel tubing, and 13 
Cr-Wi steel rod, probably can be attributed to the internal stress pro- 
duced during finishing. 

19. The work-hEa’denlng or lattice expansion of metals, as differ- 
entiated from changes of crystal orientation, tends to cause a decrease 
of both tensile and shear moduli. Thf:> decrease of the tension modulus 
with initial extension of nickel, copper, and ]-3:2 Cr-Wi steel probably 
can be attributed, to the dominant effect of lattice expansion. The drop 
of Eq at greater extensions for annealed Inconel and 18:8 Cr-Wi steel 
rod, as well as the continuous drop of the shear modulus Gq with 
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extension of annealed 18:8 Cr-Ki steel tuMng mey "be attributed to this 
factor c 

Tde rise within the stress relief annealing range of the tension 
and sheax moduli of aluminum-monel^ Inconel, and 18;8 Cr-Ni steel prob- 
ably is due to the removal of the lattice expansion of these metals. 

20. A clionge of crystal orientation of many met«il crystals, botv/een 
states of preferred and random distribution, will tend to change the 
values of tensile and shear moduli. .Such variation of the modulus is 
dependent not only upon the percentage of the crystals alTected, but also 
upon the directional variation of the modulus of a crysta.1 of the metal 
concerned. 


With cold deformation of some face- centered cubic metals, there is 
produced a preferred octaliecixal [111] orientation, which tends to in- 
crease the tensile laodulus and. to decrease the shear modulus. Such a 
change is^ dominant in the rise with extension and cold reduction of 
nickel, with extension of copper, end with large cold reductions of 
aluminum-monel and Inconel tubing. The rapid drop at large def ormationfj 
of the shear modulus of nicxel, aluminum- monel, /md Inconel tubing may 
be attributed in part to dominance of this factor. 

ihe rapid decrease of tne tensloii juoduluo Eq at large extensions 

of annealed 18;8 Cr-Nl steel, however, may possibi.y be attributed in 
part to the dominant effect of production of prejf erred cubic [lOO] 
orientation. 

Deformation of annealed 13^2 Cr-IJi steel, is believed to produce a 
preferred dod,©cahedral [110] orientation of this metal. Any such change 
evidently does not have a dominant effect upon the variation of the 
modulus of this metal. 

With soft annealing, the lov;ering of the tensile moduli of nickel, 
aluminum-monel, and Inconel may be attributed to the dominant effect of 
removal of preferred oct.ahedral [111] orientation. Soft annealing of 
cold- drawn 18:8 C'r-Iii steel, however, tends to raise the tensile modulus, 
possibly because of the removal of preferred cubic [100] orientation. 

The fact that variations of the tensile and shear moduli are lees 
for monel than for nickel or copper suggests that the directional 
variation of these moduli are less in a crystal of monel than in either 
nickel or copper. Possibly a similar relationship may be foijnd Let'..een 
other alloys and thei.r constituent metals. 

21. Polsson*s ratio, p, as csJ-culated from teiislle cr ehe.)x moduli, 

will be affected only by those factors which produce anisotropy within a 
metal, 
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With extension of monel, aluminum-monel, Inconel, and 18:8 Cr-Wi 
etsol, Poiseon*s ratio u-, rises. Luring prior extension, the direction 
of the principal shear stresses vill he the same as during subsequent ten- 
sion testing, hut not during suhsequeut torsion testing. The internal 
stresses produced during prior extension therefore tend to raise the ten- 
sion modulus to a greater extent than the torsion modulus is rsiised; it 
is anisotropic in its effect, 'fhe large "variation of p with stress, 
during extension of those metals, prohahly likewise is due to this effect. 

However, the internal stress produced during small cold reductions 
evidently tends to he isotropic in its effect upon subsequently measured 
properties. 

22. With large cold reductions, as obtained witli nickel, aluminum- 
monel!, and Inconel tubing, there is obtained a marked rise of Poisson’s 
ratio p; monel tubing likewise shows a small rise of p with cold 
reduction. TI:lc rise is due to the pi’oduotlon of preferred octahedral 
[111] orientation in these metals, w'hich affects tensile and sheai' 
moduli in an opposite manner. The crystal orientation factor therefore, 
likewise is anisotropic in its effect. On the other hand, Poisson’s 
lutio, p for cold- drawn l8:8 Cr-Hi steel is very low owing to the pro- 
duction of preferred cubic [100] orientation. 

23. With soft annealing of nickel, aluminum-monel, and Inconel tub- 
ing, there is obtained a decrease of p, owing to the removal of pre- 
ferred orientation; whereas soft annealiiig of 18:8 Cr-Ifi steel causes a 
rise of p. Cold-rcd\iced monel shows no appreciable variation of p 
with amiealing temperature, due in pai’t probably to its lesser degree of 
cold work of this metal, and in part to the cm<-all directional variation 
of tlie modulus for a crystal of this alloy. 

An appreciable variation of Poisson’s ratio from its value in the 
annealed state gives evidence of anisotropy produced within a metal. 
Because Poisson’s ratio is very sensitive to small changes of either the 
tensile or shear moduli, only large variations of p calculated by the 
method used, in this investigation can be considered significant. 

24. W^ith lowering of test temperature to -110° F for l8:8 Cr-Ni 
steel, a general increase of both tensile proof stress and modulus of 
elasticity is obtained. Such elevation occurs throughout the annealing 
temperature range investigated. 

25. There have been evaluated, for the vfirious metals tested, the 
tensile- shear proof stress ratios for 0.1-percent set and the work-hard- 
ening rates in tension and in shear. The tensile- shear proof stress 
value for cold- drawn metals is found to be less than for annealed metals 
or for metals severely work-hardened by the tube-reducer method. The 
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-rate of work- hardening of a metal d.etemiines the rate of rise at the 0.1 
percent proof stress. This rate is greatest for annealed copper and 
nickel and least for annealed monel and aluminum-monel. 


National Bureau of St«u:D.daids, 

Washington^ D. C., April 194 J?. 
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Tal)le 1#— Chemical Compositions. 


Metal 

De- 

sig- 

na— 

Diameter or 
Dimensions 
as received 

Gage 

Diameter 

Chemical Composition (percent) 


tion 

(in.) 

(in.) 

c 

Fe 

Hi 

Cu__ 

Cr 

Mn 

AL 

p 

s 

81 

Nickel rod 

R 

0.625 

0 . 4 L 7 

0.07 

0.08 

99.49 

0.03 

— 

0.24 



0.005 

0.08 

Nickel tubing 

TB 

1 X 0.085 

— 

.04 

.05 

99.53 

.04 

— 

.28 

— 

- 

.005 

.03 

Monel rod 

G 

0.875 

.500 

.18 

1.24 

Diff. 

24*86 

— 

.94 


- 

.007 

.10 

Monel tubing 

TG 

1 X 0.085 

— 

.13 

1.49 

67.64 

29.70 

— 

.96 

— 

- 

.005 

.05 

Aluminum-mon el 
tubing 

TH 

1 X 0.085 

— 

.16 

0.33 

66.42 

29.68 

— 

.25 

2.80 

- 

.005 

.33 

Inconel rod 

L 

0.5 

.333 

.23 

5.3 

Diff. 

— 

13.2 

— 

— 

- 

— 

— 

Inconel tubing 

TL 

1 X 0.085 

— 

.08 

6.40 

79.33 

0.15 

13.64 

.20 

— 

- 

.011 

.17 

Copper rod 

N 

0.875 

.500 

— 

— 

— 

99.97 

— 

— 

— 

- 

— 

— 

13:2 Or-Mi steel 
rod 

E 

.875 

.500 

.09 

Diff. 

2.08 

— 

13.3 

.48 

— 

• 

— 

.26 

Annealed 18:8 
Cr-Ni steel rod 

Da 

.625 

.417 

.07 

Diff. 

8.63 

— 

18.22 

.u 

— 

0.012 

.018 

*50 

Cold-draim 18:8 
Cr-Ni steel rod 

DU 

.625 

.417 

.10 

Diff. 

9.38 

— 

18.82 

.47 

— 

.015 

— 

.35 

18:8 Cr-Ni steel 
tubing 

TC 

1 X 0.1 

— 

.07 

Diff. 

10.4 

— 

18.5 

— 

— 

- 

— 

— 
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TaMe Thermal Treatments of Rod Materials. 


Specimen 

Desicnation 

Temper- 

atiire 

Time 

Held 

Cooled In 



(OF) 

(hrs 



R 

— 

— 

As received 


R-2 

200 

2 

Furnace 


R-3 

300 

2 

Air 


R-5 

500 

2 

Furnace 

-s 

R-7 

700 

2 

n 


R-9 

900 

2 

If 


R-11 

1100 

2 

n 


R-12 

1200 

2 

n 


R-U 

1400 

2 

If 


r G 





As received 


G-3 

300 

2 

Air 


G-4.5 

450 

3 

Air 


G-6.5 

650 

2 

Air 


G-8 

800 

5 

Furnace 


C^9 

900 

2 

Air 


G-9.75 

975 

2 

Air 


Ci-11 

1100 

1 

Air 


G-12 

1200 

2 

Furnace 


^ G-14 

1400 

1 

Furnace 


r 



As received 


h 



As received. 


li-2 

200 

6 

Air 


L-3 

300 

2 

Air 


L-4.5 

450 

3 

Air 


l*-6. 5 

650 

2 

Air 


L-7.5 

750 

6 

Air 


L-8.5 

850 

2 

Furnace 


1-9.75 

975 

2 

Air 


L-U 

1100 

2 

Furnace 


L-14.5 

1450 

1 

Furnace 


L-17.5 

1750 

2 

Furnace 


r ^ 



As received 


l N-6 

600 

22 

Air 


r E 

1240(a) 

Furnace(a) 


E-A 



^r 


E-A-6 



II 


E-A-7.5 



IT 


E-A-8.5 



n 

< 

E-A^9.5 

1750 

i' 

It 


E-A-11 



It 


E^A-12 



n 


E-A-14.5 



It 


E-F 



J\imace 


! 

1 




liaterlal 


Treatment 
As Received 


Temper- 

atiire 


Time 

Held 


Cooled In 


Nickel 


Cold drawn 
60 percent 


Monel 


Cold drawn 
40 percent 


Inconel 


Cold drawn 


Copper 


Cold rolled 
75 percent 


13:2 

Cr-Ni 

Steel 


Annealed 


(OF) 


(hrs) 


600 

750 

850 

950 

1100 

1200 

U50 


As received 
As air cooled 
2 *' 

3 


Furnace 


As furnace cooled 
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Table 2.- Continued, 


Treatment 
As Received 


Material 


18:8 

Cr-Ni 

Steel 


Annealed 


Specimen 
Designation 


Cold drawn 


DA 

nm 

DM-4.8 

DM-5 


DM-7 
DM-9 
DM-10.25 
^^M-18.3 


Temper- 

ature 


(OF) 


4B0 

500 

700 

900 

1025 

1830 


Time 

Held 


(hrs) 


Cooled In 


Teraper- 
ature 


(OF) 


Time 

Held 


(hrs.) 


Cooled In 


As received 
As received Tested at room and low tem- 
peratures 

Tested at room temperature 
Tested at room and low tem- 
peratures 

w ti n nun 


Air 


N 

tl 

n 

Water 


Tested at room temperature 
Tested at room and low tem- 
peratures 

I I 


(a) By manufacturer. 


Table 5.- Work-Hardening Rates^®) for Annealed Metals and Alloys. 


Metliod of Measioring 
and Form 

Material 

Nickel 

Monel 

Aluminiim- 

Monel 

Inconel 

Copper 

13:2 Cr-Ni 
Steel 

18:8 Cr-Jli 
Steel 

Tension, rod 

1.87 

1.30 

— 

1.45 

2.15 

1.43 

1.67 

Tension, tubing 

1.94 

1.32 

1.28 

1.36 

— 

— 

— 

Shear , tubing 

2.33 

1.33 

1.15 

1.21 

— 

— 

1.70 


(a) Ratio of 0.1-percent proof stress for metal extended to 3 percent equivalent 
reduction to that for un extended metal. 
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Table 3*— Details of Thermal and Mechanical Treatments of Tubing 


Metal 

Treatments Received 

Specimen 
Design 
nation 

No. of 
Specimens 

Annealing 

Temperature 

Time Held 

Cooled 

In 

(a) 

Mechanical Treatment 

Remarks 






(deg. F) 


(hours) 






^Cold drawn 10 percent TRA 

2 

— 

As received 





Cold drawn 20 percent TRB 

2 

— 

As received 





Cold drawn 30 percent TRC 

2 

— 

As received 





Cold drawn 40 percent TRD 

2 

— 

As received 







pTRE 

2 

— 

As received 







TRE-3 

2 

300 


1 








TEE- 5 

2 

500 

1 







Tube reducer 

J 

TRE-7 

2 

TOO 


^ 1 

Air 

Tested as annealed 




75 to 80 percent 


TRE-9 

2 

900 






Nickel 




tee -10 

2 

1000 






TR 




TRE-11 

2 

1100 










jRE-12 

2 

1200 










'^RF-14.5 

2 I 







Tested as annealed 




Tube reducer 


TRF-14.5R-0.5 2 







Extended 0.5 percent 




75 to 80 percent 

< 

TRF-14.5R-1.0 2 





J 


" 1.0 »' 




normalized at 


TRF-14.5R-2.0 2 

> 

1450 



A 


" 2.0 " 




500OF 


TRF-14.5R-3.0 2 







" 3.0 " 






TRF-I 4 . 5 R- 5 .O 2 







" 5.0 " 






JRF-14.5R-10.0 2 







" 10.0 " 




ICold drawn 10 percent TGA 

2 

___ 


As receive 

id 





Cold drawn 20 percent TGB 

2 

— 


As received 





Cold drawn 30 percent TGC 

2 

— 


Ab received 







^TGD 

2 

— 

. As received 







TGD-3 

2 

300 










TGD-5 

2 

500 









i TGD-7 

2 

TOO 


1 




Monel 


Cold drawn 40 percentTGD-9 

2 

900 


f 1 

Air 

Tested as annealed 


TG 




TGD-10 

2 

1000 










TGD-11 

2 

1100 










JGD-^12 

2 

1200 

J 
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Ta*ble 3a.- Continued, 


Metal 

Treatments Received 

Specimen 

Design- 

nation 

No. of 
SpeclmCTis 

Ann Baling 
Temnerature 

Time Held 

Cooled 

In 

(a] 

Mechanical Treatment 

Remarks 


r 




\ 

(deg. f) 

(ho\irs) 





Monel 

\ 


'TGE-14 


2 




Tested 

as annealed 


TG 



TGE-14R-0.5 

2 




Extended 0.5 percent 





TGE-14R-1.0 

2 




n 

1.0 " 



Tube reducer 


TGE-14R-2.0 


1400 

1 

Air ” 

n 

2.0 " 



75 to 80 percent. 


TGE-14R-3.0 

2 




n 

3.0 " 



normalized at 500^F 


TGE- 14 R- 5.0 

2 




n 

5.0 " 



\ 


I^TG&-14R-10.0 

2j 




n 

V. 

10.0 " 



'"Annealed 


THA 


2 


As received 






Cold drawn 40 per cent THE 


2 


As received 








fTHC 


2 


As received 








THC-3 


2 

300 










THC-5 


2 

500 

i 







Tube reducer 


THC-7 


2 

700 

( 

1 

Air 

Tested 

as annealed 



60 percent 


THC-9 


2 

900 










THC-10 


2 

1000 . 

1 






Alum- 



THC-10.75 


2 

1075 

10 

Air 

Tested 

as annealed 


imim- 



THC-12.00 


2 

1200 

1 

Oil 

Tested 

as annealed 


Monel 



fTHD- 15.5 


2 




TPested 

as annealed 


TH 



THD- 15 . 5 R- 0.5 

2 




Extended O .5 percent 



Tube redxicer 


THD-15.5R-1.0 

1 




n 

1.0 " 

Tested in tension 


60 percent. 

J 



> 






only. 


normalized at SOO^F 


THD-15.5R 

-2.0 

2 

1550 

1 

Oil 


2.0 " 





THD-I 5 . 5 R- 3 .O 

2 




fi 

3.0 " 





THD- 15 . 5 R- 5 .O 

2 

• 



ft 

5.0 " 





JHD-15.5R-10.0 

V 




c " 

10.0 " 



Annealed 


TLA 


2 



As received 






Cold drawn 50 percentTLB 


2 

— 

As received 








'"TLC 


2 

— 

As received 








TLC-3 


2 

300 










TLC-5 


2 

500 








Tube reducer 


,TLC-7 


2 

700 








75 - 80 percent 


TLC-9 


2 

900 

> 

1 

Air 

Tested 

as annealed 


Inconel 



TLC-11 


2 

1100 







TL 



TLC -13 


2 

1300 










^LC-15 


2 

1500 ^ 
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Table 3b.- Continued, 








Specimen 

Desig- 

nation 


Mdtal 


Treatments deceived 


Inconel 
TL 


Tube reducer 
75 - 80 percent, 
normalized at 5OOOF 




18:8 Cr-Jcold-drawn 
Ni Steel] 

TC L 




Wo. of 
Specimens 


Annealing 
Temperature 


(deg. F) 


TLD-17.5 
TLD-17.5R-0.5 
TLD-17.5R-1.0 
TLD-17.5R-2.0 

TLD-17.5R-3.0 2 >• 1750 

TLD-17.5R-5.0 
TLD-17.5R-10.0 
TLD-17.5R-17.0 

^TLD-17.5R-17.25 1 

TC-3 
TC-5 
TC-7 
TC-9 
TC-n 

TC-13 1 1300*^ 

TC-19 

TC-19R-0.5 
TC-19R-1.0 
TC-19R-2.0 1 1900 

TC-19R-3.0 
TC-19R-5.0 
TC-19R-10.0 

\TC-19R-20.0 j.y y 



Time Held 


(hours) 


Cooled 
In 


Air 


As received 


"Tested as annealed 
Extended 0.5 percent 
" 1.0 " 

” 2.0 " 

< " 3.0 " 

" 5.0 " 

" 10.0 " 

" 17.0 " 


Air 


Water 


(a] 

Mechanical Treatmeni 


Remarks 


17.25 


Tested as annealed 


^['ested as euinealed 


Tested in tension 
only. 

Tested in torsion 
only. 


Extended 0.5 percent 

« 1.0 « 

" 2.0 « 

" 3.0 " 

” 5.0 « 

" 10.0 " 

20.0 " 


n 

It 

rr 

n 

R 

If 

n 

n 

n 

n 

n 

R 

H 

R 

n 


n 

n 

rt 

R 


(a^ Only nominal extensions indicated; for actiml values, see diagrams 


NACA TN No. 1100 


Specimen 

No. 

Cycle 

No, 

True Stress 
Range 

Total 

Cycle 

Time 

Time In- 
terval Af- 
ter Pre- 
ceding 
Cycle 

Strain 

Range 

loop 

Width 




(lb per in.^i 

(min. , 

(hr:min) 

U) 

W 

DA- 

5 

1 

1.4-75.5x103 

- 

— 

15.3 

— 


2 

1.7-75.5 

13.0 

0:0 

0.424 

0.U5 



3 

1.7-75.5 

14.0 

0:0 

.366 

.09E 



4 

1.7-75.5 

10.5 

0:0 

.349 

.076 



5 

1.7-75.5 

11.0 

0:0 

.346 

.074 



6 

1,7-75.5 

10.5 

0:0 

.345 

.069 



8 

1.7-75.5 

8.0 

0:0 

.337 

.065 



35 

1.7-75.5 

9.0 

0:0 

.329 

.055 



39 

1.7-75.5 

11.0 

0:0 

.329 

.057 



140 

1.7-75.5 

12.0 

0:0 

.324 

.049 



155 

1.7-75.5 

10.0 

24:0 

.353 

.067 



156 

1.7-75.5 

9.0 

0:0 

.331 

.054 



157 

1.7-75.5 

10.0 

0:0 

.333 

.054 



159 

1.7-75.5 

57.5 

0:0 

.335 

.055 



161 

1.7-75.5 

10.0 

0:0 

.328 

.050 

DA- 

-3 

1 

1.4-45.5x103 

29.0 



3.36 

3.20 


2 

1.5-45.5 

16.5 

0:0 

0.329 

0.187 



3 

1.5-45.5 

8.5 

0:0 

.232 

.092 



4 

1.5-45.5 

8.5 

0:0 

.230 

.083 



5 

1.5-45.5 

9.0 

0:0 

.221 

.084 

DA- 

"4 

I-3O 

1.5-45.5x103 

1.0 

(Avg. ) — 

0.224 

— 


31 

1.5-45.5 

10.0 

0:0 

0.076 



83 

1.5-45.5 

13.5 

0:02 

.178 

.026 



116 

1.5-45.5 

10.0 

72:0 

.187 

.031 



118 

1.5-45.5 

12.5 

0:02 

.175 

.022 



376 

1.5-45.5 

17.0 

0:02 

.176 

.024 



377 

1.5-45.5 

13.5 

0:02 

.178 

.025 



388 

1.5-45.5 

71.0 

0:02 

.185 

.032 


Table 4,- ^eteresle 

Permanent Set 
Due to Cycle. %> 


Before 
Negative 
Creep 


0.094 

.038 

.022 

.023 

.018 

.013 

.010 

.008 

.006 

.032 

.008 

.009 

.010 

.005 


0.166 

.061 

.054 

.036 


0.055 

.0088 

.0175 

.0055 

.0053 

.0077 

.0120 


Net 


Total 
Permanent 
Set 


15.00 

0.086 

.034 

.018 

.015 

.0x5 

.009 

.005 

.005 

.003 

.027 

.004 

.005 

.006 

.001 

3.185 

0.156 

.060 

.051 

.034 

3.50 

0.052 

.0064 

.0137 

.0034 

.0030 

.0057 

.0112 


m 

15.00 
15.086 
15.120 
15.138 
15.153 
15.168 
15.187 
15.249 
15.266 
15. 3U 
15.387 
15.391 
15.396 
15.404 

15.409 

3.185 

3.341 

3.401 

3.452 

3.486 

3.50 

3.552 

3.791 

3.867 

3.873 

3.955 

3.963 

3.981 


Negative Creep at 
Bottom. % 

Positive 

Creep 

1 minJ 

1 2 min. 

3 min. 

Below 

Top 




(%) 

0.006 

— 

0.008 

— 

.003 

— 

.004 

— 

.002 

— 

.004 

— 

.004 

— 

.008 

0.008 

.001 

— 

.003 

.005 

.003 

— 

.004 

.005 

0 

0 

» 

— 

.005 

.003 

.002 

— 

.003 

.005 

.002 

— 

.003 

.003 

.004 

— 

.005 

.005 

.002 

— 

.004 

.005 

.003 

— 

.004 

.003 

.002 

— 

.004 

.003 

.003 

— 

.004 

.004 




— 



0.010 

— 

— 

— 

.001 

— 

— 

— 

.003 

— 

— 

— 

.002 

— 

0.030 


, 







0.003 

— 

0.015 

).0024 

— 

— 

,0038 - 

.0038 

— 

— 

.0016 

.0021 

— 

— 

.0037 

.0023 

— 

— 

.0052 

.0020 

— 

— 

.0026 

.0008 

— 

— 

.0024 
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NACA TN No. 1100 


Fig. 1 



8 


Specimen 

A, 

A' 

Gage rings 

B, 

B' 

Set screws 

C 


Cylinder 

D, 

D' 

Standard prisms 

E, 

E* 

Roof prisms 

F 


Placement screw positions 




Figure 1.- Optical torsion meter 




TRUE STRESS, LB PER SQ INCH (THOUSANDS) 


HACA TN No. 1100 


Figs. 2,3 
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8 Test specimen 

A, A* Specimen clamps 

B, B* Amsler testing machine adapters 

C Special ad.apter 

D Insulated cooling system 

£ Helical spring 

F, F* Outer extension eirms 

G, 0’ Inner extension axms 

H, H* Heating coils 

J, J* Stellite prismatic lozenges 
E, K* Roof prisms 


Figure 2.- Assembly of low temperature, tension testing apparatus. 



10 . 0 - 
STRAIN, 
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PERCENT 
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Figure 3.- Variation of form of hysteresis loops with cyclic repetition 


Figs. 4,5 


NACA TN No. 1100 



Figure 4.- Typical correlated stress-strain, stress-deviation and stress- 
set curves, annealed and extended nickel R-14. 



Figure 5.- Tension stress-deviation and stress-set curves for annealed 
nickel rod R-14 as influenced by prior extension. 


NACA TN No. 1100 


Figs. 6,7 



MODULUS OF ELASTICITY, LB PER SO INCH (MILLIONS) 


Figure 6.- Tension stress-modulus lines for annealed nickel rod R-14 as 
influenced by prior extension. 



b 


Figure 7 


Variation of tensile proof stresses with prior extension for 
annealed nickel rod R-14. 


PROOF STRESS, LB PER SO INCH (THOUSANDS) 


Figs. 8,9 


N/ 


NACA TN No. 1100 



o 


Fig-ure 8.- Variation of tensile proof stresses with prior deformation for 
nickel tubing TR. A-Nickel TRF, ainnealed and extended. B-Cold- 
r educed nickel. 



Figure 9.- Variation of tensile proof stresses with prior extension of 
annealed monel rod 0-14* 


NACA TN No. 1100 


Figa. 10,11 


<t> 



Figure 10.- Variation of tensile proof stresses with prior deformation 
for monel tubing TO. A-Monel TGE, annealed and extended. B- 
Cold-r educed monel. 
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Figure 11.- Variation of tensile proof stress with plastic deformation 
for alumin^om-monel tubing TH. A-Aluminum-monel THD, anneal- 
ed and extended. B-Cold-r educed aluminum-monel. 
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12^13 NAG A TN No. 1100 



Figure 12,- Variation of tensile proof stresses with prior extension for 
annealed Inconel rod L-17.5. 
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Figure 13.- Variation of tensile proof stresses with plastic deforma- 
tion for Inconel tubing TL. A-Inoonel TLD, annealed and ex- 
tended. B-Cold-reduced Inconel. 


NACA TN No. 1100 


Figs. 14,15 



d 

Figure 14.- Variation of tensile proof stresses with prior extension for 
copper rod. A-Annealed copper N-6. B-Oold rolled copper N. 
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Figure 15.- Variation of tensile proof stresses with prior extension 
for 13:3 chromium-nickel steel E; as received. 


PROOF STRESS, LB PER SO INCH (THOUSANDS) 


Figs. 16,17 


NACA TN No. 1100 



o 

Figure 16.- Variation of tensile proof stresses with prior extension for 
annealed 18:8 chromium-nickel steel DM-18.3. 


N/ 



Figure 17.- Variation of shear proof stress with prior deformation 
^ nickel tubing TR. A-Nickel TRF, annealed and extended. 

Cold-reduced nickel. 


for 

B- 


SHEAR PROOF STRESS, LB PER SO INCH (THOUSANDS) 


NACA TN No. 1100 


Figs. 18,19 





Figure 18.- Veiriation of shear proof stresses with prior deformation for 
monel tubing TO. A-Monel TOE, annealed and extended. B-Cold- 
r educed monel. 
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Figure 
ed and 


19.- Variation of shear proof stresses with prior deformation 

for aluminum-monel tubing TH. A-Aluminum-monel THD, anneal- 
extended. B-Oold-r educed aluminum-monel. 


SHEAR PROOF STRESS, LB PER SO INCH (THOUSANDS) 


Figs. 30,21 
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Figure 20,- VaJiation of shear proof stresses with prior deformation for 
Inconel tubing TL. A-Inconel TLD, annealed and extended. B- 
Cold-r educed Inconel. 
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Figure 21.- Variation of shear proof stresses with prior extension for 
annealed 18:8 chromium-nickel steel tubing TC-19. 
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Figs* 22 1 23 
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Figure 22.- Influence of cold-reduction on the ratio of 0.1-percent proof 
stress in tension and in shear for nonferroue metal tubing. 



Figure 23.- Variation of tensile proof stresses with annealing tempera- 
ture. A-Cold-drawn nickel rod R. B-Cold-drawn monel rod G. 


Figs. 24,25 
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5 ANNEALING TEMPER ATURE. (HUNDREDS) 
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d 

Figure 24.- Variation of tensile proof stresses with annealing tempera- 
ture. A-Cold-reduced monel tubing TO. B-Cold-reduced nickel 

tubing TR. 
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Figure 25.- Variation of tensile proof stresses with annealing tempera- 
ture, A-Cold-r educed Inconel tubing TL. B-Cold-r educed 
aluminum-monel tubing TH. 
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Figs. 36,87 
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Figure 26.- Variation of tensile proof stresses with annealing or temper- 
ing temperature. A-Oold-drawn Inconel rod L. B-Air-cooled 
13:2 chromium-nickel steel, E. 
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Figure 31,- Directional variation of the 
tensile modulus at elasticity 
of a crystal of gold. 

Key to figures 31 to 34. 


Mark 

Crystallographic 
direction name 

Symbol 

0 

Cubic 

(100) 

0 

Octahedral 

(ill) 

D 

Dodecahedral 

(110) 



Figure 32.- Directional variation of the 
tensile modulus at elasticity 
of a crystal of aluminum. 


NACA TN No. 1100 Figs. 31,32 






Figure 33.- Directional variation of the 
tensile modulus of elasticity 
of a crystal of alpha iron. 



Figure 34.- Directional variation of the 
shear modulus of elasticity 
of a crystal of alpha iron. 


NACA TN No. 1100 Figs. 33,34 
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Figs 


36,37 



Figure 36 - Variation of tensile modulus of elasticity and of its linear 
stress coefficient with prior deformation for nickel tubing 
TR. A-Nickel TRF, annealed and extended. B-Cold-r educed nickel. 



Figure 37.- Variation of tensile modulus of elasticity and its linear 
stress coefficient with prior extension of annealed monel 


rod G-14 
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Figs. 38,39 
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Figure 38.- Variation of tensile modulus of elasticity and its linear 

stress coefficient with prior deformation for monel tubing TO. 
A-Monel TOE, annealed euad extended. B-Oold-reduced monel. 
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Figure 39.- Variation of tensile modulus of elasticity and its linear 
coefficient with prior deformation for aluminum-monel tub- 
ing TH. A-Alumin\im-monel THD, annealed and extended. B-Oo Id-reduced 
aluxniniim-monel • 
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Figs. 40,41 



Figure 40.- Variation of tensile modulus of elasticity and its llneeur 

stress coefficient with prior extension for annealed Inconel 

rod L-17.5. 
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Figure 41.- Variation of tensile modulus of elasticity and its linear 
stress coefficient with prior deformation for Inconel tub- 
ing TL. A-Inconel TLD, annealed and extended. B-Oold-r educed Inconel. 
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Figure 42.- Variation of tensile modulus of elasticity emd its linear 
stress coefficient with prior extension for copper rod. 
A-Annealed copper N-6. B-Cold rolled copper N. 
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Figure 43.- Variation of tensile modulus of elasticity and Its linear 
stress coefficient with prior extension for 13:2 chromium- 
nickel steel E; as received. 
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Figs. 44,45 



Figure 44.- Variation of tensile modulus of elasticity and its linear 
stress coefficient with prior extension for annealed 18:8 
chromium— nickel steel DM-18.3, 
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Figure 45.- Variation of shear modulus of elasticity and its linear 

stress coefficient with prior deformation for nickel tub- 
ing TR. A-Nickel TRF, annealed and extended. B-Oo Id-reduced nickel. 
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Figure 46.- Variation of shear modulus of elasticity and its linear 
stress coefficient with prior deformation for monel tub- 
ing TG. A-Monel TGE, annealed and extended. B-Co Id-reduced monel. 
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Figure 47.- Variation of shear modulus of elasticity and its linear 
stress coefficient with prior deformation for aluminum 
monel tubing TH. A-Aluminum-monel THD, annealed and extended. B-Cold- 
r educed aluminum-monel. 
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Figure 48.- Variation of shear modulus and its linear stress coefficient 
with prior deformation for Inconel tubing TL. A-Inconel TLD, 
annealed and extended. B-Cold-reduced Inconel. 



Figure 49.- Variation of shear modulus of elasticity and its linear 

stress coefficient with prior extension for annealed 18:8 
chromium-nickel steel tubing TC-19. 
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Fitmre 50.- Variation of tensile modulus of elasticity and of its 
^ linear stress coefficient with annealing temperature. A- 

Cold-drawn nickel rod R. B-Cold-drawn Inconel rod L. 



FiKure 51.- Variation of tensile modulus of elasticity and its linear 

stress coefficient with annealing temperature. A-Oo Id-reduced 
nickel tubing TR. B-Cold-reduced Inconel tubing TL. 
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Figure 52.- Variation of tensile modulus of elasticity and its linear 
stress coefficient with annealing or tempering temperature 
A-Cold-drawn monel rod G. B-Air-cooled 13:2 chromium-nickel steel. 
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Fig^are 53.- Variation of tensile modulus of elasticity and its linear 

stress coefficient with annealing temperature. A-Oo Id-reduced 
monel tubing TG. B-Cold-r educed aluminum-monel tubing TH. 
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Figure 55.- Variation of shear modulus of elasticity and its linear 
stress coefficient with annealing temperature. A-Oold- 
reduced nickel tubing TR. B-Cold-r educed Inconel tubing TL. 
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Figure 54.- Variation of tensile modulus of elasticity m 
and its linear stress coefficient with an- § 
nealing temperature for half-hard 18:8 chromium-nickel 
steel DM. A-Room temperature tests. B-Tested at -llO^F. 
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Fige. 56,57 
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□ --TGE, ANNEALED ONE HR AT 1400* F. 
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Figure 56.- Variation of shear modulus of elasticity and its linear 
stress coefficient with annealing temperature for cold- 
reduced monel tubing TG, 
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Figure 57.- Variation of shear modulus of elasticity eind its linear 
stress coefficient with annealing temperature for cold- 
reduced aluminum-monel tubing TH. 
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Figs. 58,59 
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Figure 58.- Variation of shear modulus of elasticity eind its linear 
stress coefficient with annealing temperature for cold- 
drawn 18:8 chromi^am-nickel steel tubing TO. 
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Figure 60.— Variation of Poisson's ratio with prior 
deformation for monel tubing TG. A-Monel 
TGE, annealed and extended. B-Oold-reduced monel. 
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Figure 61.- Variation of Poisson's ratio with prior 
deformation for aluminum-monel tubing TH. 
A-Aluminum-monei THD, annealed and extended. B-Cold- 
reduced aluminum-monel. 
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Figure 62.- Variation of Poisson's ratio with prior 
deformation for Inconel tubing TL. A- 
Inconel TLD, annealed and extended. B-Co Id-reduced 
Inconel . 
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Figure 63.- Variation of Poisson's ratio with exten- 
sion for annealed 18 t 8 chromium-nickel 

steel. 
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Figure 64.- Variation of Poieeon'e ratio with 
annealing temperature, for nickel 

tubing TR. 
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Figure 65.- Variation of Poiesbn'e ratio with 
annealing temperature for monel 

tubing TG. 
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Figure 66.- Variation of Poisson’s ratio with 

annealing temperature for aluminum- 
monel tubing TH. 
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Figure 67.- Variation of Poisson’s ratio with 
annealing temperature for Inconel 


tubing TL 
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Figure 68.- Variation of Poisson's ratio with annealing temperature for 
cold-drawn 18:8 chromium-nickel steel. 
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